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ABSTRACT 


This  oaper  presents  the  results  of  statistical  analyses  of 


data  on  twenty-five  events  of  explosions  in  propellant  ground  handling 
and  transport  systems.  These  results  are  taken  from  a soon-to-be 
published  NASA  report  entitled  ^Workbook  for  Estimating  Effects  of 
Accidental  Explosions  in  Propellant  Ground  Handling  and  Transport 
Systems, • which  was  prepared  for  NASA  Lewis  Research  Center  by 
Southwest  Research  Institute, under-  contract  number  MAS 3-2049 7. 


Estimates  of  distributions  of  parameters  and  relationships 
between  parameters  which  are  useful  in  risk  assessment  are  presented. 
Results  include  fragment  weight  distribution,  mean  fragment  weight  as 
a function  of  normalized  yield,  correlation  between  fragment  range 
and  fragment  weight,  correlation  of  fragment  range  to  the  ratio  or 
mean  f-sgment  weight  to  vessel  weight  for  cylindrical  tanks,  and 
correlation  of  fragment  velocity  to  the  ratio  of  energy  to  vessel 
weight.  Tables  of  the  data  and  graphs  of  the  resultant  distributions 

are  included  in  the  paper  to  support  final  conclusions.  

,v\ 


INTRODUCTION 


J.O 


The  material  presented  herein  represents  a portion  of  the 
results  of  a study  which  Southwest  Research  Institute  performed  for 
NASA  Lewis  Research  Center  under  contract  numoer  NAS3-2C497.  The  com- 
plete results  are  being  published  bv  NASA  Lewis  in  workbook  form c.  A 
companion  paper  in  this  seminar  describes  the  content  of  the  workbook 
more  completely. 


From  the  material  presented  in  this  paper  and  the  companion 
paper,  one  should  be  able  to  make  predictions  of  blast  and  fragment 
characteristics  and  effects  for  a range  of  possible  explosion 
accidents  in  ground  systems. 

For  convenience,  all  figures  and  tables  follow  the  text. 

2.0  ACCIDENT  DATA 

A literature  search  was  conducted  in  which  accident  reports 
and  other  available,  related  data  sources  were  reviewed  for  information 
on  characteristics  of  fragments  and  pressure  waves  of  bursting 
thick-wall,  compressed  fluid  storage  and  transportation  vessels. 

Fluids  and  gases  considered  in  the  survey  were  propane,  anhydrous 
ammonia,  oxygen,  argon,  air  and  propylene.  Organizations  and 
contractors  contributing  sources  included  the  National  Transportation 
Safety  Board,  Naval  Surface  Weapons  Center,  NASA  Langley  Research 
Center,  Department  of  Transportation,  National  Technical  Information 
Service  and  Ballistic  Research  Laboratory.  Also,  an  incident  which 
occurred  in  San  Antonio,  Texas  during  the  accumulation  of  data,  in 
which  a propane  storage  tank  exploded,  was  investigated  for  information 
on  energy  release.  Data  obtained  from  this  literature  were  organized 
in  a logical  manner  for  the  subsequent  analysis.  Records  of  the 
data  include  the  reference  and  date  of  the  explosion;  the  quantity 
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of  the  explosion  source;  the  estimated  energy  release;  the  shape , 
volume,  weight,  material  and  dimensions  of  the  container  vessel;  the 
number  of  fragments;  the  weights,  ranges,  trajectory  elevations 
(if  given)  drag  coefficients  and  shapes  of  the  fragments;  and  any 
additional  pertinent  information.  Each  vessel  was  assigned  an 
identifying  number.  Twenty-five  vessel  explosions  form  the  data 
base.  An  example  of  these  data  are  given  in  Tables  1 and  2. 

Due  to  the  limited  amount  of  data  on  most  of  the  events, 
it  was  desirable  to  group  the  data  from  like  events  in  order  to 
yield  an  adequate  base  for  meaningful  statistical  analysis.  From 
the  data  on  the  twenty-five  events,  the  six  groups  of  like  events 
shown  in  Table  3 were  obtained.  Statistical  analyses  were  performed 
on  data  from  each  of  the  groups  to  yield  (as  the  data  permitted) 
estimates  of  fragment  range  distribution,  fragment  weight  distribution 
and  fragment  mean  velocity  as  a function  of  the  ratio  of  explosion 
energy  to  vessel  weight.  Other  relationships  were  also  investigated 
and  the  results  are  given  in  the  following  paragraphs. 

3.0  FRAGMENT  RANGE  DISTRIBUTIONS 

The  fragment  range  data  for  each  of  the  six  event  groups 
(see  Table  3)  were  sorted  in  ascending  order.  For  event  groups  1, 

2,  3,  4 and  6,  the  values  for  the  range  for  the  10th  to  the  90th 
percentile  in  10Z  steps  were  identified.  For  event  group  5,  the 
values  from  the  14,3  percentile  to  the  85.7  percentile  in  14. 3X 
steps  were  Identified.  Table  4 is  a listing  of  these  values. 

Figures  1 and  2 are  plots  of  the  percentile  points  on  log 
normal  probability  paper  for  events  groups  1 and  2. 
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A "W"  statistic  {see  Hahn  and  Shapiro  (1967)]*  for  goodness  of 
fit  was  calculated  for  each  of  the  distributions.  The  approximate 
probability  of  obtaining  the  calculated  test  statistic,  given  that  the 
chosen  distribution  is  correct,  was  then  determined.  The  results  are 
shown  in  Table  5.  As  it  is  customary  to  consider  probability  values  of 
"W"  statistic  exceeding  2 to  10Z  as  adequate  grounds  for  not  rejecting 
the  hypothesis  that  the  data  belong  to  the  chosen  distribution,  the  fits 
for  the  six  event  groups  are  more  than  adequate. 

Figures  1 and  2 can  be  used  to  estimate  the  percentage  of 
fragments  which  will  have  a range,  R,  equal  to  or  less  than  a parti- 
cular range. 

For  example,  if  we  wished  to  estimate  the  percentage  of 
fragments  which  would  have  a range  equal  to  or  less  than  600  m for 
an  explosion  involving  a rail  tank  car  filled  with  propane  (group  1) , 
we  would  refer  to  Figure  1,  and  on  the  range  axis  (abscissa)  at  600  m 
go  upward  to  the  Intersection  of  the  line.  Then,  at  the  intersection 
point  read  the  percentage  value  from  the  ordinate,  which  is  96Z. 
Conversely,  if  we  wanted  to  know  what  range  90Z  of  the  fragments  would 
not  exceed,  we  would  enter  the  chart  on  the  90Z  line,  go  over  to  the 
intersection  of  the  line  and  read  downward  to  the  range  axis  the 
value  of  380  m, 

4.0  FRAGMENT  WEIGHT  DISTRIBUTIONS 

Sufficient  pertinent  weight  data  were  available  only  from 
event  groups  2,  3 and  6.  Table  6 is  a listing  of  the  percentiles  of 
these  event  groups. 

Figure  3 is  a plot  of  the  percentile  points  on  log  normal 
probability  paper  for  event  group  2, 


*Hahn  and  Shapiro,  Statistical  Models  in  Engineering,  John  Wiley  and 
Sons,  Inc.,  New  York,  1967. 
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Table  7 Is  a listing  of  the  estimated  means  and  standard 
deviations  for  the  log  normal  (to  the  base  e)  distributions. 

The  calculated  "W"  statistic  along  with  the  approximate 
probability  of  obtaining  the  calculated  test  statistic,  given  that 
the  chosen  distribution  is  correct,  is  presented  for  each  of  the  three 
event  groups  in  Table  8.  Since  the  probability  values  of  the  "W'* 
statistic  are  10*  or  greater,  the  fits  for  the  three  event  groups  are 
considered  adequate. 

Charts  of  this  type  can  be  used  in  the  same  manner  as 
Figures  1 and  2 are  used  for  fragment  range. 

5.0  MEAN  FRAGMENT  WEIGHT  AS  A FUNCTION  OF  NORMALIZED  YIELD 

In  events  21,  22  and  23,  spherical  containers  were  pressurized 
until  rupture.  The  spheres  were  constructed  of  steel  with  an  approximate 
ultimate  stress  (ou)  of  834  Mega  Pascals  (MPa).  The  spheres  were  the 
same  volume  for  all  three  events.  The  wall  thickness  of  the  spheres  was 
the  same  within  events,  but  was  different  across  events. 

Pertinent  data  and  calculated  parameters  for  each  of  the 
spheres  are  given  in  Table  9,  where  W is  the  geometric  mean  frag- 
ment weight  for  each  event,  W(T)  is  the  sphere  weight  for  each  event, 

V is  the  sphere  volume,  P is  the  average  burst  pressure  for  each  event, 
and  Eq  is  the  energy  of  detonation  of  1 gram  of  TNT  or  4190  Joules  (J) . 

Figure  4 is  a plot  of  the  normalized  yield  (PV/Eq)  versus 
mean  fragment  weight  (W)  for  the  three  events..  One  could  estimate  the 
mean  (geometric)  fragment  weight  for  any  decided  ratio  of  PV/Eo 
from  693  to  ~347. 

The  correlation  coefficient,  r,  for  the  regression  equation 
shown  on  Figure  4 was  0.9999,  which  indicates  a high  degree  of 
correlation  between  PV/E  and  W. 


6.0  CORRELATION  BETWEEN  FRAGMENT  RANGE  AND  FRAGMENT  WEIGHT  WITHIN 

EVENT  GROUPS 

Only  three  event  groups  (2,  3 and  6)  contained  sufficient 
fragment  range  and  weight  data  for  correlation  analysis.  Various  curve 
fitting  techniques  were  employed  to  determine  if  a predictable 
relationship  existed  between  fragment  range  and  weight  as  indicated 
by  the  data  on  the  three  events. 

Figure  5 depicts  the  relationship  of  the  fragment  range  to 
fragment  weight  for  Group  2.  The  correlation  coefficient  is  0.79. 

Figure  6 shows  the  relationship  of  the  fragment  range  to 
fragment  weight  for  Group  6.  The  correlation  coefficient  is  0.68. 

7.0  CORRELATION  ANALYSIS  OF  FRAGMENT  RANGE  TO  THE  RATIO  OF  MEAN 

FRAGMENT  WEIGHT  TO  VESSEL  WEIGHT  FOR  CYLINDRICAL  TANKS 

Five  events  with  cylindrical  tanks  contained  sufficient 
fragment  weight  information  to  determine  the  degree  of  correlation 
of  fragment  range  to  the  ratio  of  mean  fragment  weight  to  vessel 
weight.  It  was  necessary  to  group  events  6 and  7 to  have  a sufficient 
sample  size. 

Table  10  presents  the  data  by  event  number,  the  ratio  of 
the  arithmetic  mean  fragment  weight  (V)  to  the  vessel  weight  (W(T)), 
and  the  arithmetic  mean  fragment  range  (R).  Figure  7 is  a plot  of 
the  points  in  Table  10  along  with  the  prediction  equation.  The 
sample  correlation  coefficient  is  0.987. 

From  Figure  7,  one  could  estimate  the  mean  fragment  range 
for  any  decided  ratio  of  mean  fragment  weight  to  vessel  weight  for 
the  types  of  tanks  in  the  events. 


8.0  CORRELATION  OF  FRAGMENT  VELOCITY  TO  THE  RATIO  OF  ENERGY 

TO  VESSEL  WEIGHT 

Only  in  event  group  5 were  there  reports  of  mean  velocity 
for  fragments.  Figure  8 is  a plot  of  the  relationship  between  the 
mean  fragment  velocity  and  the  ratio  of  the  energy  to  vessel  weight. 
The  velocities  were  chosen  as  the  maximum  velocity  reported  within 
an  event  for  events  21,  22  and  23  (see  Table  9).  The  correlation 
coefficient  for  the  regression  equation  is  0.93. 

One  could  use  Figure  8 to  predict  the  average  velocity  for 
fragments  from  bursting  steel  spheres  over  a range  of  an  energy  to 
vessel  weight  ratio  of  4.5  x 10^  to  6.05  x 10^.  However,  the  analytic 
predictions  for  fragment  velocity  presented  in  the  workbook  are 
more  useful  because  they  cover  a much  wider  range  of  bursting  vessel 
conditions. 

9.0  SUMMARY  AND  CONCLUSIONS 

Estimates  of  functions  relating  to  fragment  mass,  velocity 
and  range  have  been  derived  from  accidental  explosions  in  propellant 
ground  handling  and  transport  systems.  These  data  may  be  used  to 
estimate  the  effects  of  a postulated  event  involving  similar 
transport  systems.  In  addition,  the  analytical  methods  presented 
in  a companion  paper  may  be  used  to  complement  the  estimation  of 
effects  of  a postulated  ew*nt. 
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FIGURE  1.  Probability  Diatributioiv-Fragnent  Range  (Event  Group  1 - 
Events  1,  2,  3,  lb) 
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Figure  3.  Probability  Distribution-Fragment  Weight  (Event  Group 
Events  6,  7,  8,  9,  10,  13,  14,  15,  19) 


4000i 


X ACTUAL 

IDEALIZED 

r CORRELATION  COEFFICIENT 


2000 


(PV/E0)  • 41.009(W ) 
r - 0.9999 


0.901 


20  40  * 80 

' MEAN  FRAGMENT  WEIGHT,  W,  (log) 


FIGURE  4.  Nor«ll«d  Yield  Vereu. 

for  Bursting  Spheres 


Mean  Fragment  Weight 


Figure  6.  Fragment  Range  Versus  Fragment  Weight  for  Event  Group  6 
(Correlation  Coefficient  is  .68) 
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Figure  8.  Maximim  Mean  Velocity  Versus  Ratio  of 
Energy  to  Vessel  Weight  for  Bursting 
Spheres 


TABLE  4.  Percentiles  For  Plotting  Fragment  Ranges 
of  the  Six  Event  Groups 


Event  Group  Numbers* 


Percent 


20.00 


40.00 


2 

3 

15.24 

22.35 

19.81  40.64  51.51 


161.00  60.96  68.41  85.04 


182.88  94.50  88.05  136.86 


182.88  133.40  109.73  164.59 


228.60  167.64  115.82  238.96 


487.68  335.28  206.59  373.73 


168.27 


202.69 


60.96 

27.43 

54.19 

60.65 

91.44 

30.48 

66.38 

76.02 

220.07 


346.25 


6 


15.24 


17.68 


25.20 


28.35 


31.39 


41.76 


58.83 


423.37 


119.79 


512.06 


122.83 


"Range  in  Meters 


TABLE  5.  Summary  of  "W"  Test  on  Normality 
for  Fragment  Range  Distributions 
for  Event  Groups  1 Through  6 


Event  Group  No. 

V 

Probability 

1 

.964 

CM 

00 

2 

.951 

.68 

3 

.986 

.98 

4 

.980 

.95 

5 

.936 

.57 

6 

.917 

.28  ; 

As  it  Is  customary  to  consider  probability  values  of  the  'V' 
statistic  exceeding  2 to  10%  as  adequate  grounds  for  not  rejecting 
the  hypothesis  that  the  data  belong  to  the  chosen  distribution, 
the  fits  for  the  six  event  groups  are  more  than  adequate. 


TABLE  6.  Percentiles  for  Plotting  Fragment  Weights 
of  Event  Groups  2,  3 and  6 


Event  Group  Numbers  * 

Percent 

2 

3 

6 

10 

74.8 

93.61 

.0341 

20 

94.8 

241.98 

.967 

30 

220.0 

399.28 

.998 

40 

350.0 

1,039.52 

1.00 

50 

1,180.0 

1,080.29 

1.22 

60 

3,183.0 

1,281.78 

9.30 

70 

7,470.0 

1,439.81 

| - - -- 

52.23 

80 

12,200.0 

1,935.88 

104.46 

90 

19,098.0 

2,020.84 

171.38 

•Weight  in  kg 


.) 

TABLE  10.  Mean  Range  and  Ratio  of  Mean  Fragment 

Weight  to  Vessel  Weight  for  Cylindrical 
Tanks 

Event  W/W(T)  R 


6,  7 0.664  179.83 

18  0.242  110.30 

19  0.100  80.08 

25  0.0612  39.20 
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I.  INTRODUCTION 

This  paper  describes  a companion  workbook  to  an  earlier  NASA  workbook 
(Baker,  et  al1].  NASA  CR-134906,  which  was  prepared  to  aid  designers 
and  safety  engineers  in  predicting  damage  and  hazards  from  accidental  ex- 
plosions involving  liquid  propellants  and  compressed  gases  in  flight  hard- 
ware. The  new  book,  in  contrast,  is  devoted  to  blast  and  fragment  hazards  for 
the  same  classes  of  accidental  explosion  sources  in  propellant  ground  handling  and 
transport  systems.  Prediction  methods  which  were  thoroughly  covered  in  the 
earlier  workbook  and  which  apply  without  change  are  not  repeated.  Instead, 
explosion  hazards  peculiar  to  ground  storage  and  transport  systems,  or 
ranges  of  input  parameters  specific  to  these  systems,  are  emphasized. 

1 1 * NATURE  OF  THE  HAZARDS 

The  general  nature  of  the  hazards  from  accidental  explosions  in  pro- 
pellant handling  systems  is  similar  in  many  respects  to  the  hazards  which 
occur  in  such  explosions  in  flight  vehicles.  These  accidents  cause  damage 
by  air  blast  loading,  fragment  or  appurtenance  impact,  radiation  from  fire- 
balls, or  fire  from  ignition  of  combustible  materials  following  an  ex- 
plosion. Damage  can  occur  to  buildings  and  other  facilities,  vehicles, 
and  flora  and  fauna — including  humans.  Depending  on  the  severity,  type 
and  location  of  explosion  accident,  the  damage  can  range  from  minor  to 
extensive. 

The  sequences  of  events  or  causes  of  accidental  explosions  in  ground 
handling  systems  for  liquid  propellants  and  compressed  gases  can  be  quite 
similar  to  those  which  can  occur  in  flight  vehicles,  or  can  differ 
markedly.  Failure  by  material  fatigue  on  overstress  can  occur  in  either 
case.  But,  many  of  the  possible  causes  of  flight  vehicle  explosions  such 
as  loss  of  thrust  during  launch,  guidance  system  failure,  or  rupture  of 
a bulkhead  separating  a fuel  from  an  oxidizer,  are  inapplicable  for  ground 
handling  systems.  Conversely,  transportation  accidents  followed  by  ex- 
plosions are  causes  which  are  absent  in  flight  vehicle  accidents. 

Ground  handling  systems  usually  have  much  less  serious  weight  con- 
straints than  do  flight  vehicles.  This  difference  dictates  some  of  the 
differences  in  the  nature  of  the  hazards.  Ground  systems  can  employ 
relatively  massive,  ductile  materials  in  pleasure  vessel  and  piping 
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construction.  On  failure,  such  vessels  generate  relatively  few  fragments 
compared  to  similar  failures  in  flight-weight  vessels.  A failure  of  a 
long  cylindrical  vessel  near  one  end  can  often  result  in  most  of  the 
vessel  remaining  intact,  and  "rocketing"  as  the  internal  compressed 
fluid  is  ejected  from  the  rupture.  This  mode  of  failure  has  never  been 
observed  in  flight-weight  pressure  vessels  or  tankage,  which  have  less 
ductility  and  instead  break  into  a relatively  large  number  of  fragments. 
Pressure  vessels  used  in  ground  systems  are  often  of  much  larger  capacity 
than  flight  systems.  The  total  stored  energy  in  compressed  gases  or 
total  chemical  energy  in  stored  fuels  and/or  oxidants  can  then  be  much 
greater  than  for  many  flight  systems. 

There  have  unfortunately  been  many  more  accidental  explosions 
Involving  fuels  and  compressed  fluids  in  ground  handling  than  in  flight 
vehicles.  There  is  a considerable  body  of  accident  report  literature 
[see,  for  example,  Strehlow  & Baker2 »3] which  highlight  the 
probable  types  of  accident.  These  are  (not  necessarily  in  order  of 
probability) : 

1)  Simple  pressure  vessel  failure  because  of  fatigue  or  flaw 
growth . 

2)  Vessel  failure  induced  by  Impact  during  a transportation 
accident . 

3)  Vestal  failure  by  overpressure  because  of  overheating.  This 
often  follows  a derailment  accident  with  railroad  tank  cars. 

4)  Fuel  leakage  followed  by  a vapor  cloud  explosion. 

Blast  and  some  type  of  fragment  or  massive  body  impact  usually  result 
from  the  first  three  types  of  accident;  the  last  type  causes  primarily 
a pressure  wave  and  fireball;  while  the  first  three  may  or  may  not  cause 
fireball  or  fire  depending  on  the  fluid  and  circumstances  in  the  accident. 

Assessment  of  the  magnitudes  and  the  effects  of  the  blast  and  frag- 
ments for  ground  system  explosions  is  the  topic  of  the  new  workbook. 
[Baker,  Kulesz,  et  al*4]. 

III.  CONTENTS  OF  THE  WORKBOOK 

From  the  material  presented  in  the  workbook,  one  should  be  able  to 
make  predictions  of  blast  and  fragment  characteristics  and  effects  for  a 
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wide  range  of  possible  explosion  accidents  in  ground  systems.  The  body 
of  the  workbook  gives  the  prediction  methods  in  the  form  of  graphs, 
equations,  or  tables.  All  detailed  development  and  some  computer  pro- 
grams are  given  in  appendices.  Given  a number  of  accident  scenarios, 
the  material  should  allow  prediction  of: 

1)  Explosive  energy  yield  or  energy  release 

2)  Characteristics  of  blast  pressure  waves  generated  by  spherical 
and  non-spherical  explosions. 

3)  Effects  of  pressure  waves  on  certain  classes  of  targets  or  for 
blast  loading  conditions  not  covered  in  Baker,  et  al1. 

4)  Characteristics  of  fragments  generated  by  ground  equipment 
explosions.  This  includes  massive  vessel  parts  which  "rocket". 

5)  Effects  of  fragment  impact  not  covered  in  Baker,  et  al1. 
including  effects  of  fragment  revetments  on  blast  waves. 

The  scope  of  the  material  is  deliberately  limited  to  avoid  duplica- 
tion with  the  previous  workbook.  Typical  examples  of  prediction  curves 
and  formulas  available  in  the  book,  and  some  discussion  of  the  procedures 
used  to  derive  the  curves,  are  now  given. 

Explosive  Energy  Release  (Yield) 

For  compressed  gas  vessel  bursts,  an  upper  limit  for  total  energy 
release  can  be  obtained  by  using  the  equation  proposed  by  Brode5. 

This  formula  is: 


where  K is  blast  yield  (energy),  p^  is  initial  absolute  pressure  in  the 
vessel,  p#  is  outside  atmosphere  absolute  pressure,  Yj^  is  the  ratio  of 
specific  heats  for  the  gas  in  the  vessel,  and  is  the  internal  volume. 
A slightly  lower,  but  still  conservative  (high)  estimate  is  based  on 
lsentroplc  expansion  from  initial  burat  pressure  to  atmospheric  pressure 
[Baker6,  Brinkley  7], 
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The  equations  given  here  for  blast  yield  are  based  on  the.  assumptions 
that  all  of  the  energy  which  can  drive  a blast  wave  does  so,  depending  only 
on  the  energy  release  rate.  For  real  situations,  some  energy  must  be  ab- 
sorbed by  the  vessel  as  it  fractures,  both  in  the  fracturing  process  itself 
and  in  accelerating  the  vessel  pieces  for  fragments  to  their  maximum 
velocity.  For  failure  of  a compressed  gas  vessel,  the  energy  absorbed 
in  the  fracture  process  is  negligible  because  the  vessel  is  already  stressed 
to  failure.  But,  the  energy  absorbed  in  accelerating  vessel  fragments 
can  be  significant.  In  experiments  such  as  those  of  Esparza  and  Baker  8 

o 10,11 

and  Boyer,  et  aP  with  pressurized  glass  spheres  and  Pittman  with 
metal  pressure  vessels,  the  fragments  were  observed  with  high  speed  cameras 
or  other  velocity  measuring  systems.  In  accidental  vessel  bursts,  the 
velocities  of  fragments  can  be  estimated  by  methods  presented  in  the  work- 
book. Knowing  mean  fragment  velocity  U and  total  mass  M of  the  vessel, 
one  can  then  compute  the  kinetic  energy  of  the  vessel  fragments. 

\ - M U2/2  (3) 

To  obtain  an  estimate  of  effective  blast  yield  for  gas  vessel  bursts, 
one  can  then  use  either  eq.  (1)  or  (2)  and  subtract  fragment  kinetic 
energy,  i.e., 

Ee  " E ” Ek  (4) 

Many  fluids  are  stored  in  vessels  under  sufficient  pressure  that 
they  remain  essentially  liquid  at  the  vapor  pressure  corresponding  to 
the  storage  temperature  for  the  particular  liquid.  Examples  are  the 
fuels  propane  or  butane  which  are  normally  stored  at  "room"  temperature, 
methane  (LNG)  which  must  be  stored  at  cryogenic  temperatures,  and  re- 
frigerants such  as  ammonia  or  the  Freons  which  are  also  stored  at  room 
temperature.  If  a vessel  containing  such  fluids  fails,  the  resulting 
sudden  pressure  release  can  cause  expansion  of  vapor  in  ullage  space 
and  partial  flash  evaporation  of  the  liquid,  and  drive  a blast  wave  into 
the  surrounding  air. 
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Because  the  properties  of  flash-evaporating  fluids  differ  markedly 
from  perfect  gases,  the  methods  for  estimating  blast  yield  for  gas  vessel 
bursts  are  inapplicable.  Instead,  one  must  know  the  complete  thermo- 
dynamic properties  of  the  fluid  in  the  vessel  as  functions  of  state 
variables  such  as  pressure,  specific  volume,  temperature,  and  entropy. 

For  any  expansion  process  from  state  1 to  state  2,  the  specific 
work  done  is  defined  as: 


■ ui  - u2  " / P dv 
1 


(5) 


where  u is  internal  energy,  p is  pressure,  and  v is  specific  volume.  Ue 
assume  that  an  isentropic  expansion  process  occurs  after  vessel  burst.  This 
process  is  shown  schematically  in  a p-v  (pressure-volume)  diagram  in  Figure  1, 
and  in  a T-s  (temperature-entropy)  diagram  in  Figure  2.  The  cross-hatched 
area  in  Figure  1 is  the  integral  of  equation  (5),  and  therefore  represents 
the  specific  energy  e.  Also  shown  in  the  two  figures  are  the  saturated 
liquid  and  saturated  vapor  lines,  which  bound  the  wet  vapor  region.  Para- 
meters P and  T are  the  critical  pressure  and  critical  temperature,  res- 
c c 

pectively.  Whenever  the  expansion  process  occurs  near  or  in  the  wet  vapor 
region,  as  is  always  true  for  flash-evaporating  fluids,  the  functional 
relationship  between  pressure  and  specific  volume  is  quite  complex  and  the 
integrsl  in  equation  (5)  cannot  be  obtained  analytically.  But,  fortunately, 
there  are  tables  of  thermodynamic  properties  available  for  many  fluids, 
and  the  internal  energy  u or  enthalpy  h defined  as: 


h ■ u + pv 


(6) 


I 

fi  i 

i . 
1 ; 


are  tabulated  for  the  entire  wet  vapor  region  and  the  superheat  region, 
as  functions  of  pressure  and  specific  volume,  or  temperature  and  entropy. 

Using  thermodynamic  tables,  assuming  isentropic  expansion,  and  ob- 
taining initial  specific  volume  from: 


yi  ■ V" 


(7) 


where  V,  is  vessel  internal  volume  and  m is  total  mass  of  fluid,  one  can 
than  compute  E from 
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E « B (u2  - 1^) 


(8) 


Some  tables  of  thermodynamic  properties  for  fluids  which  can  be  used 
to  estimate  blast  yields  by  the  process  just  described  are  the  ASHRAE 
Handbook  of  Fundamental^8for  refrigerants,  Keenan,  et  al12  for  steam, 
and  Din  13  for  a number  of  fluids  including  fuels  such  as  propane  and 
ethylene. 

The  workbook  contains  some  discussion  of  energy  releases  from  vapor 
cloud  explosions,  and  notes  that  estimates  of  these  fields  can  only  be 
very  approximate  with  our  current  state  of  knowledge.  An  approximate 
procedure  for  estimating  vapor  cloud  explosion  yields  is  suggested,  and 
a list  of  potentially  dangerous  fuels  is  given. 

BLAST  WAVE  CHARACTERISTICS 

New  blast  wave  properties  given  in  this  workbook  include  results  of 
recent  measurements  around  bursting  frangible  pressure  spheres  [Esparza  and 
Baker8  '^Jand  results  of  some  two-dimensional  computer  code  predictions 
for  the  case  of  spherical  pressure  vessels  separating  into  halves  and 
releasing  compressed  gas.  A typical  measured  pressure  wave  for  a bursting, 
gas-filled  sphere  is  shown  in  Figure  3,  together  with  definitions  of  some 
properties  which  are  not  usually  reported.  The  distinctive  characteristics 
of  this  pressure-time  trace  are  the  pronounced  negative  phase  compared  to 
the  positive  phase,  and  the  strong  second  shock  wave.  By  contrast, 
waves  from  condensed  explosives  have  much  smaller  negative  phases  and  seldom 
have  a discernible  second  shock.  The  parameters  indicated  in  Figure  3 are 
defined  as  follows: 

P first  shock  side-on  overpressure 

8 * 

positive  phase  impulse  for  first  shock 

Ts^+)  duration  of  positive  impulse  for  first  shock 

I negative  phase  impulse  for  first  shock 

T duration  of  negative  phase  for  first  shock 

Pg2  second  shock  side-on' overpressure. 
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Figures  4 and  5 fihow  how  two  of  the  more  usual  scaled  parameters, 
peak  overpressure  and  positive  phase  impulse,  compare  with  scaled  Pento- 
lite  data  and  with  one-dimensional  (spherical)  code  calculations.  The 
negative  impulses  are  quite  latge  for  these  bursts,  as  can  be  seen  by 
comparing  Figure  6 to  Figure  5, 

The  two-dimensional  computer  code  predictions  were  distilled  down 
to  graphs  for  scaled  overpressure  (Figure  7)  and  impulse  (Figure  8) 
along  the  dividing  plane  between  the  two  vessel  halves  as  they  separate, 
where  the  blast  waves  are  the  strongest, 

BLAST  WAVE  EFFECTS 

Because  of  the  correlation  of  the  blast  effects  prediction  methods 
in  Baker,  et  al1  with  blast  wave  properties,  all  of  the  graphs  and 
equations  in  Chapter  III  of  that  reference  are  equally  applicable  for  the 
ground  burst  accidents  which  are  the  topic  of  the  new  workbook.  Topics 
covered  in  Baker,  et  al1  are: 

1)  Thresholds  for  glass  breakage. 

2)  Empirical  blast  damage  estimates  for  residential  buildings, 

3)  Toppling  or  overturning  of  vehicles  and  other  objects, 

4)  Damage  thresholds  for  beam  structural  elements. 

5)  Damage  predictions  for  brittle  and  ductile  rectangular  plate 
elements, 

6)  Damage  thresholds  for  rectangular  membranes. 

7)  Blast  injury  estimates  for  humans. 

Supplementary  prediction  curves  based  on  further  damage  prediction 
analyses  are  given  in  the  new  book.  These  include: 

1)  Predictions  for  response  of  elastic  beams  (Figure  9) 

2)  Predictions  for  response  of  elastic-plastic  beams  (Figure  10) 

3)  Predictions  for  response  of  elastic-plastic  "strings",  i.e., 

narrow  members  with  negligible  bending  stiffness  (Figure  11) 

4)  Buckling  thresholds  for  columns  with  dynamic  axial  loads 
(Figure  12). 

The  plots  shown  in  Figures  9-12  are  all  cast  into  the  form  of  dimensionless 
pressure-impulse  (p-i)  curves,  and  allow  rapid  prediction  of  response  of 
these  structural  elements,  if  the  blast  loads,  structural  dimensions,  and 
material  properties  are  known.  In  these  graphical  solutions,  the  loading 
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(SCALED  SIDE-ON  PEAK  OVERPRESSURE) 


Figure  5.  Scaled  Side-On  Positive  Impulse  From 
Bursting  Gas  Spheres 
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Figure  9.  Stresses,  Shears,  and  Deflections  in  Blast  Loaded  Elastic  Beams 
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Figure  12.  Buckling  for  Dynamic  Axial  Loads 
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is  assumed  to  be  uniform  over  the  entire  span  of  length  l.  The  beam  has 
a loaded  width  b,  a mass  density  p,  a cross-sectional  area  A,  a total  depth 
H,  an  elastic  modulus  E,  a maximum  deformation  w0,  a yield  stress  Cy,  and  a 
second  moment  of  area  I.  In  Figure  10,  the  beam  also  has  a plastic  section 
modulus  Z to  be  used  in  predicting  response.  Throughout  these  solutions, 
the  stress-strain  curve  is  assumed  to  be  an  elastic  - perfectly  plastic  one 
without  significant  strain  hardening  or  strain  rate  effects. 

Different  boundary  conditions  can  be  evaluated  using  Figures  9,  10 
and  12  by  inserting  the  appropriate  nondimensional  numbers,  i.e.,  the 
appropriate  t or  a coefficients  from  the  tables  in  the  figures.  Figure  9 
is  actually  a more  specific  form  of  Figure  10.  Figure  9 is  a bending  beam 
solution  for  elastic  response  only,  and,  thus,  allows  one  to  estimate  the 
shear  forces  at  the  supports.  Provided  the  response  is  elastic.  Figure  9 
essentially  yields  the  same  solution  as  an  elastically  responding  beam 
from  the  more  generalized  Figure  10  solution. 

When  a member  undergoes  large  deformations  relative  to  its  thickness, 
or  is  axially  constrained,  the  principal  mode  of  energy  dissipation  can  be 
extensional  rather  than  bending.  Figure  11  presents  an  elastic-plastic, 
one-dimensional,  extensional  solution.  In  this  solution,  one  assumes  that 
the  ends  are  constrained  from  moving  together  so  that  in-plane  forces  can 
be  developed.  Once  strain  has  been  determined,  the  maximum  deformation,  the 
slope  at  the  boundaries,  and  the  magnitude  of  the  anchoring  force  can  all 
be  determined  using  Figure  11. 

Figure  12  shows  a scaled  pressure-impulse  diagram  for  buckling  of 
an  axially  loaded  elastic  column.  The  solid  line  in  the  figure  is  the  threshold 
separating  unatable  column  response  from  stable.  If  the  nondimensional 
loads  Imparted  to  a column  establish  a point  which  is  to  the  left  and/or 
below  the  threshold  line,  then  the  column  should  remain  stable.  On  the 
other  hand,  should  these  oondimensionalized  loads  establish  a point  above 
and  to  the  right  of  the  threshold,  large  permanent,  unstable  deformation 
should  be  expected.  The  new  parameter  in  the  figure,  H,  is  the  mass  of  the 
overlying  floor,  and  A is  the  loaded  area  of  the  roof  or  floor  over  the  column. 

FRAGMENT  CHARACTERISTICS 

In  Baker,  et  al  1 , there  was  extensive  coverage  of  such  ch  racteristics 
of  fragments  from  flight-weight  vehicles  as  initial  velocities,  size  and  mass 
distributions,  fragment  trajectories,  and  the  distances  of  ranges  the  fragments 
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travelled.  The  data  and  prediction  methods  given  In  that  reference  were 
based  on  accident  reports  and  tests  with  liquid  propellant  explosions  and 
lightweight  gas  vessel  bursts,  development  and  exercise  of  a variety  of 
special-purpose  computer  programs,  and  statistical  analysis  of  test  sad 
accident  data. 

Accidental  explosions  in  ground  systems  tend  to  produce  very  different 
types  of  fragments  or  missiles  than  do  similar  explosions  in  flight-weight 
systems.  The  most  striking  difference  lies  in  the  number  of  fragments 
generated,  with  the  number  usually  being  much  less  for  the  ground  systems 
than  for  flight  systems.  This  difference  is  primarily  a function  of  the 
differences  in  storage  or  pressure  vessel  materials  and  construction.  Relatively 
thick-walled  vessels,  made  of  ductile  steels,  dominate  in  ground  storage  and 
transport  systems.  These  vessels  often  split,  or  fragment  into  only  two 
pieces,  after  failure.  Accidental  explosions  which  generate  more  than  a 
dozen  vessel  fragments  are  quite  uncommon.  For  storage  or  transport  vessels 
containing  flash-evaporating  liquids  such  as  propane  (LPG),  a common  failure 
mode  is  an  asymmetric  burst  of  a long  cylindrical  vessel,  with  the  major 
part  remaining  intact  and  "rocketing"  as  the  fluid  exhausts  and  flashes. 

Accident  reports  of  such  failures  show  that  the  vessel  can  travel  great 
distances,  and  of  course  cause  major  damage  where  they  impact. 

In  the  workbook,  the  results  of  studies  on  the  characteristics  of 
fragments  from  ground  vessel  explosions  are  presented,  and  the  differences 
from  fragmentation  of  flight-weight  vehicles  are  highlighted.  As  before, 
a survey  and  statistical  analysis  of  accident  data  is  included;  several  new 
computer  programs  were  developed  and  exercised;  and  prediction  curves  for 
various  characteristics  of  the  relatively  large  and  massive  fragments  generated 
in  accidental  explosions  in  ground  systems  are  presented.  The  results  of  the 
survey  cf  accidents  are  reported  in  another  paper  in  this  seminar  [Parr  & 
Moseley15],  while  some  of  the  prediction  curves  based  on  computer  analysis 
are  shown  here. 

Initial  fragment  velocities  for  cylindrical  and  spherical  vessels 
bursting  into  n equal  fragments  can  be  estimated  from  Figure  13  for 
two  fragments,  ten  fragments  and  one  hundred  fragments  from  spherical 
or  cylindrical  vessels.  Three  separate  regions  have  been  bounded  to 
account  for  scatter:  (1)  cylindrical  vessels  bursting  into  multiple 
fragments;  (2)  spherical  vessels  bursting  into  halves  or  multiple  frag- 
ments and  (3)  cylindrical  vessels  bursting  into  two  fragments.  Estimates 
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of  the  initial  velocities  of  cylinders  and  spheres  can  be  extracted 
from  the  nondimensional  terms  read  directly  from  the  appropriate 
bounded  regions  on  the  graph.  The  two  nondimensional  terms  in  Figure 
13  are: 

(1)  Nondimensional  pressure  term 


^ Pa^o  _ ^ pa^o  (pressure  - atm,  pressure)  (Volume) 

Wo  m a2  2 

c gas  (Mass  of  container) (sound  speed  of  the  gas) 


(2)  Nondimensional  velocity  term 


k/yR  T Kagas 
mo 


(velocity) 

(constant) (sound  speed  of  the  gas) 


where  K equals  1.0  for  equal  fragments. 

Our  analysis  and  Figure  13  also  apply  to  long  cylinders  breaking  into 
two  unequal  parts,  if  difference  in  masses  of  the  two  parts  is  accounted 
for.  Figure  14  includes  the  results  of  calculations  for  such  failures, 
and  is  used  as  a simple  adjustment  factor  to  multiply  predictions  from 
Figure  13. 

Efficient  prediction  curves  for  maximum  ranges  of  free-flying  frag- 
ments were  developed  for  this  workbook,  using  the  computer  code  FRISB, 
which  accounts  for  lift,  drag  and  gravity  forces  during  fragment  flight. 
These  scaled  curves  are  given  in  Figure  15.  Procedure  for  their  use  are: 


Step  1.  Calculate  the  lift/drag  ratio 


for  the  fragment. 


Step  2.  Calculate  the  velocity  term 


PoCpV 

Mg 


for  the  fragment. 


Step  3.  Select  the  curve  on  the  graph  for  the  appropriate  lift/ 

drag  ratio;  locate  the  velocity  term  on  the  horizontal 

axis;  find  the  corresponding  range  term,  PpCnAc  ’ and 

M 

determine  the  range,  R. 
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Figure  15.  Scaled  Curves  for  Fragment  Range  Prediction 


For  lift  to  drag  ratios  ---—  that  are  not  on  the  curve,  a linear  inter- 

CDAD 

polation  procedure  can  be  used  to  determine  the  range  from  the  curve. 
Interpolation  in  the  steep  areas  of  the  curve  can  cause  considerable 
error  and  it  is  recommended  that,  for  these  cases,  the  computer  code 
FRISB  be  exercised. 

In  an  accident  involving  propellant  (propane,  butane,  etc.)  storage 
systems,  large  fragments  (greater  than  one-fourth  of  the  vessel)  are 
sometimes  generated  which  travel  long  distances.  These  large  fragments 
are  typically  sections  of  the  tank  which  break  free  intact  and  initially 
contain  some  entrapped  propellant.  These  large  fragments  exhibit  a 
rocketing  behavior  which  results  from  the  changing  of  all  or  part  of  the 
liquid  propellant  into  a gas  when  the  internal  pressure  is  released  during 
the  fracturing  of  the  vessel  (flash  evaporation).  The  gas  escapes  from 

the  opening  in  the  vessel  in  a manner  similar  to  gas  exiting  a rocket 
motor  and  propels  the  somewhat  stabilized  fragment  to  great  distances. 

The  physics  of  this  process  is  complex,  so  consolidated  prediction 
curves  for  trajectories  of  these  rocketing  fragments  were  not  generated. 

But,  we  did  develop  a computer  program  entitled  THRUST  which  can  be 
used  to  calculate  trajectories  for  rocketing  fragments  containing 
flash-evaporating  fluids.  This  program  is  described  in  detail  and 
listed  in  Baker,  Kulesz,  et  al*4, 

FRAGMENT  IMPACT  EFFECTS 

In  Chapter  V of  Baker,  et  al1,  some  methods  were  given  for  pre- 
diction of  effects  of  impact  of  typical  fragments  from  accidental  explosions 
involving  flight-weight  hardware.  For  the  even  more  massive  fragments  typi- 
cal of  explosions  in  ground  systems,  the  voluminous  literature  on  terminal 
effects  of  military  fragments  and  projectiles  is  of  very  little  use.  But, 
since  the  earlier  workbook  was  prepared,  some  data  and  prediction  methods 
have  been  developed  related  to  impact  effects  of  tomado-boine  missiles. 
Generally,  this  class  of  missile  lies  within  the  range  of  masses  and 
velocities  for  fragments  from  explosions  in  ground  systems.  Wooden  poles 
and  planks,  pipes,  pieces  of  steel  reinforcing  bar,  and  more  massive  bodies 
such  as  compact  cars  and  entire  storage  tanks  have  been  picked  up  and 
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hurled  at  damaging  velocities  by  tornadoes.  Much  of  this  work  Is 
summarized  In  Peterson  and  has  its  impetus  in  tornado-proof 
design  requirements  for  nuclear  plants. 

Similarly,  new  nuclear  plants  must  now  be  designed  to  be  proof 
against  other  accidents  including  crash  of  aircraft  on  the  containment 
structures,  and  external  vapor-cloud  explosions.  Some  preliminary 
design  methods  have  evolved  for  massive,  non-penetrating  missile  im- 
pacts to  meet  the  aircraft  crash  design  requirements.  But,  in  spite  of 
these  recent  additions  to  the  literature,  impact  effects  of  quite  massive, 
but  crashable,  missiles  are  not  well  enough  known  to  be  reduced  to  design 
graphs  in  this  workbook. 

In  certain  fixed  ground  installations  having  a high  potential  for 
accidental  explosion,  or  limited  real  estate,  barricades  may  be  built 
in  an  attempt  to  actenuate  blast  waves  and  to  reduce  fragment  hazards. 

The  barricades  may  be  earth  beams,  retaining  walls  backed  by  earth  fill, 
or  built-up  walls  of  reinforced  concrete,  timber,  or  steel  construction. 
Unless  structures  to  be  protected  are  located  very  close  to  the  barricades, 
they  are  almost  totally  ineffective  in  attentuating  blast  waves.  The  waves 
simply  diffract  over  the  barricades  and  reform.  Barricades  are,  however, 
quite  effective  in  arresting  fragments  and  may  be  worth  constructing  for 
that  purpose  alone.  Some  prediction  graphs  for  blast  attentuation  for 
barricades  of  several  forms  located  close  to  protected  structures  are 
given  in  the  new  workbook.  No  data  or  proven  prediction  methods  exist  for 
effects  of  barricades  on  non-ideal  blast  waves,  so  the  predictions  are 
limited  to  attentuations  fcr  condensed  high  explosives. 

Some  impact  effects  predictions  on  reinforced  concrete  and  steel 
panels,  based  on  scaled  data  from  tornado-borne  missile  barrier  testing, 
are  given  in  the  workbook.  Sources  for  the  basic  data  are  discussed,  and 
the  curves  generated,  by  Baker,  Hokanson,  et  al17,  are  given. 

Figure  16  gives  scabbing  thresholds  for  steel  pipes  impacting  normally 
on  lightly  reinforced  concrete  panels,  with  rebar  percentages  < IX.  In 
this  figure,  KE  is  impact  kinetic  energy, h is  concrete  panel  thickness,  d 
is  pipe  outside  diameter,  and  cw  is  pipe  wall  thickness.  Lergth-to- 
diemeter  ratios  (L/D)  variable,  but  all  are  greater  than  5:1.  Each  curve 
gives  the  scabbing  threshold  for  a particular  wall  thickness  ratio. 
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Figure  16.  Scabbing  Threshold  for  Mild  Steel  Pipes 
Impacting  Reinforced  Concrete  Panels 
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Curves  for  scabbing  caused  by  normal  impact  of  solid  rods,  of 
material  strong  compared  to  the  concrete,  are  given  in  Figure  17.  The 
thresholds  are  quite  different  for  slabs  which  are  reinforced  heavily 
enough  for  the  rebar  spacing  to  be  significantly  closer  than  the  rod 
diameter  (heavy  reinforcing)  and  for  spacing  open  enough  that  a rod 
can  pass  through  without  striking  a rebar  (light  reinforcing).  Rods 
were  of  Z/d  ratios  ranging  from  1.75-40.  A number  of  long  wooden 
missiles  were  also  fired  against  reinforced  concrete  panels,  but  these 
missiles  were  invariably  defeated  by  the  panels,  with  negligible  damage 
to  the  panels  themselves. 

Baker,  Hokanson  et  al17  fit  a penetration  threshold  curve 
for  wooden  missiles  impacting  large  steel  panels  normally.  This  curve 
is  reproduced  here  as  Figure  18,  and  the  empirically-fitted  equation 
is  given  by 


'i 

4 


V 


1.751 


-1 

+ 144.2 


(10) 


Here,  p is  density  of  projectile  material,  V is  striking  velocity,  and 
P S 

ot  is  yield  strength  of  the  steel  plate  material.  Figure  18  applies  for 
the  test  length-to-diameter  ratio,  Z/d  * 31.1.  Equation  (10)  should  also 
be  limited  to  the  ranges 


5 < Z/d  < 40 
0.042  < h/d  < 0.1 


(ID 


IV.  DISCUSSION 

This  workbook  should  be  a definite  aid  to  designers  and  safety 
engineers  in  predicting  damage  and  hazards  from  accidental  explosions 
in  ground  handling  systems.  It  should  prove  to  be  a useful  adjunct  to 
our  earlier  workbook  for  predicting  explosion  hazards  in  flight  systems, 
NASA  CR-134906. 

Parts  of  this  work  should  have  wider  application  than  indicated  by 
the  title.  The  additional  methods  for  rapid  structural  damage  prediction 
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Figure  17.  Scabbing  Thresholds  for  Solid  Rod  Missiles 
Impacting  Reinforced  Concrete  Panels 
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Figure  18.  Prediction  of  Penetration  Threshold  for  Steel 
Panels  Impacted  by  Wooden  Projectiles  with 
l/d  - 31.1 


984 


i > 


can  be  used  for  any  blast  source,  provided  the  peak  overpressures  and 
positive  impulses  can  be  predicted.  The  computer  programs  and  methods 
for  prediction  of  velocities  and  trajectories  of  lifting  fragments  and 
thrusting  burst  vessels  can  be  effectively  applied  to  transportation 
accidents  with  tank  cars  and  tank  trucks  containing  many  types  of  pres- 
surized fluids,  in  addition  to  rocket  propellants.  The  methods  for 
estimating  explosive  energy  release  for  flash-evaporating  fluids  can 
be  used  to  predict  severity  of  boiler  explosions,  or  severity  of  blast 
for  any  type  of  liquid  and  gas  mixture  stored  under  high  pressure. 

The  data  and  prediction  methods  for  effects  of  impact  of  massive  frag- 
ments or  missiles  are  not  limited  to  fragments  generated  by  accidental 
explosions  in  ground  handling  systems,  and  indeed  were  taken  from  other 
related  studies. 

A number  of  prediction  curves  are  given  in  this  work  for  the 
characteristics  of  blast  waves  from  bursting  gas  pressure  vessels, 
and  som''  for  bursting  vapor  spheres.  These  waves  exhibit  some  charac- 
teristics which  are  distinctly  different  from  blasts  from  condensed 
explosives  such  as  TNT,  including  pronounced  negative  phases  and  pro- 
nounced second  shocks.  Most  structural  response  or  damage  analyses 
account  only  for  pressures  and  impulses  in  the  first  positive  phase, 
and  we  therefore  recommend  further  study  of  responses  to  waves  with 
characteristics  such  as  in  Figure  3.  It  would  also  be  very  desirable 
to  conduct  more  scaled  experiments  with  bursting,  pressurized  vessels, 
to  generate  additional  blast  prediction  curves. 

Concurrent  with  the  continuation  of  study  of  the  character  of 
blast  waves  from  accidental  explosions,  one  should  also  review,  and 
alter  if  necessary,  the  prediction  methods  for  structural  response 
and  damage  in  this  workbook,  in  NASA  CR-134906,  and  related  references 
which  ascume  that  the  wave  can  be  described  as  a simple,  single  pulse. 
The  basic  analytic  tools  to  do  this  are  readily  available,  but  applica- 
tion to  as  complex  a loading  pulse  as  Figure  3 will  require  careful 
application  of  these  techniques,  and  almost  invariably,  some  increase 
in  complexity  of  response  prediction. 

Several  related  problems  with  potentially  explosive  ground 
storage  and  transport  systems  could  perhaps  be  addressed  in  following 
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studies.  One  question  concerns  planning  of  in-service  testing  of 
pressure  storage  vessels  to  avoid  or  prevent  accidental  explosions. 

Many  new  and  effective  nondestructive  testing  methods  and  equipment 
have  been  developed  in  recent  years,  and  applied  in  industries  such 
as  the  nuclear  power  Industry.  For  storage  vessels  of  large  volume 
and/or  high  pressure,  where  the  hazards  are  great  in  the  event  of 
vessel  failure,  the  frequency  or  thoroughness  of  such  testing  might 
be  increased. 

This  workbook  includes  a number  of  prediction  methods  for  frag- 
ment and  missile  impact  conditions  and  locations  near  explosions,  and 
some  relatively  new  data  and  prediction  curves  for  effects  of  Impacts 
of  relatively  massive  missiles.  There  is  still  a serious  lack  of 
data  on  massive  missile  impact  effects.  Scale  model  techniques  have 
proven  to  be  efficient  in  gathering  enough  data  rapidly  and  relatively 
inexpensively  to  generate  impact  effects  curves  (see  Figures  16  through 
18),  but  most  of  the  classes  of  missiles  expected  in  accidental  ex- 
plosions have  not  been  tested  against  industrial  or  residential  "targets". 
We  would  certainly  recommend  a carefully  planned  model  test  program  to 
fill  this  gap. 

Looking  into  the  future,  we  can  perhaps  anticipate  an  Increasing 
shift  to  a hydrogen  fuel  economy.  If  this  occurs,  large  volumes  of 
hydrogen  must  be  stored  either  as  a compressed  gas  or  as  a cryogenic 
liquid,  which  would  necessitate  large  volume  storage  near  airports.  Can 
this  be  done  safely?  A thorough  safety  study  would  have  to  precede  any 
serious  plans  for  such  a change,  with  workbooks  like  this  report  providing 
part  of  the  input  to  assess  the  hazards. 
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SPECIAL  CONSIDERATIONS  FOR 
SPACE  TRANSPORTATION  SYSTEMS  PROCESSING 

AT 

KENNEDY  SPACE  CENTER 
Mr.  John  R.  Atkins 

John  F.  Kennedy  Space  Center,  Florida 


INTRODUCTION 

The  impact  of  the  Shuttle  Program  and  the  resultant  effects 
on  the  how  of  doing  business  at  Kennedy  Space  Center  could 
never  have  been  anticipated  In  1970  when  it  was  decided 
to  use  the  VAB  for  stacking  the  solid  rocket  motors,  the 
external  tank  and  Orbiter.  Although  ordnance  operations 
had  been  performed  In  the  VAB  during  the  Apollo  Program, 
it  was  done  under  a severe  limitation  of  numbers  of 
people  present  during  the  operations.  This  was  accom- 
plished by  limiting  the  performance  of  these  operations 
to  the  period  from  1800  Friday  to  0600  Monday,  and 
allowing  only  those  persons  actually  required  for  the 
activities  to  be  physically  present  in  the  VAB.  Essen- 
tially, 25  solid  propellant  motors  used  for  ullage, 
stage  separation  and  escape  system  with  a total  weight 
of  4320#  were  attached  to  the  various  stages  and  to 
the  command  module.  All  initiators  and  electrical 
connections  were  installed  and  made  after  roll  out  to 
the  pad  and  on  T-l  day  during  the  launch  countdown 
preparation  activities. 

Imagine,  if  you  will,  the  feelings  and  concerns  when 
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directed  to  plan  and  develop  policies  for  handling,  per 
flight,  2 solid  rocket  motors  145  ft.  in  length,  over 
11  ft.  in  diameter  and  containing  over  1 million  pounds 
prop  llant,  and  at  a launch  rate  of  40/year.  (At  that 
timt  the  highest  rate  for  Apollo  was  3/year.)  Taking 
into  account  the  proposed  launch  rate,  problems  associated 
with  launch  and  delivery  rates  of  the  solids,  it  was 
deemed  a distinct  .possibility  that  under  certain  conditions 
as  many  as  4 full  flight  sets  of  solid  rocket  motors 
could  be  in  the  VAB.  Studies  also  showed  that  in  the  late 
stages  of  the  operational  development  testing  of  Orbiter 
102  solids  would  be  in  the  VAB  almost  100%  of  the  time  and 
would  always  be  present  in  the  operational  phases. 

Accepting  the  conclusion  that  in  time  solids  would  always 
be  in  the  VAB  in  various  phases  led  to  the  following: 

1.  The  VAB  could  not  be  utilized  as  general  office, 
warehouse,  testing  labs,  and  assembly  as  was  the  case 
during  Apollo. 

2.  Only  ordnance  operations  and  those  activities 
necessary  to  assemble  and  test  the  space  transportation 
system  would  be  allowed  in  the  VAB. 

3.  Manhours  of  exposure  would  be  kept  to  a minimum 
consistent  with  operational  requirements. 

4.  Maximum  use  would  be  made  of  the  Explosives 
Safety  Board  in  obtaining  comments  and  suggestions  on 
the  proposed  processing  plans. 
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PROBLEM  DEFINITION 


During  the  preliminary  studies  of  where  to  process  the 

solid  rocket  motor  segments  prior  to  stacking  in  the  VAB, 

the  degree  of  risk  to  personnel,  to  facilities,  and  to 

program  was  always  paramount.  To  quantify  this  total  risk 

in  a manner  suitable  for  management  decision,  an  approach 

evolved  that  made  use  of  industry  experience,  Apollo  VAB 

Study,  ^ various  computer  programs  for  effects  of  solid 

motor  ignition,  special  studies  to  establish  inadvertent 

initiation  energy  levels  and  Apollo  problem  tracking  and 

closeout  techniques.  The  first  step  was  a study  performed 
2/ 

by  Thiokol  to  do  the  following: 

1.  Propellant  Characterization 

Determine  the  response  of  the  propellant  to 
stimuli  in  order  to  relate  it  to  in-process  conditions, 
which  are  measurable  and/or  calculable.  Response  to 
measured  energy  stimuli  will  be  determined  in  the  Thiokol 
laboratories.  Stimuli  of  interest  are  impact  energy, 
frictional  energy,  heat  energy  and  electrostatic  energy. 
Knowing  the  response  (probability  of  ignition)  as  a 
function  of  input  energy,  hazardous,  non-hazardous  or 
potentially  hazardous  classifications  can  be  applied 
to  various  operations  and/or  items. 


1/  Study  of  Kennedy  Space  Center  Safety  Hazards 
TRW  NAS10-3082,  dated  22  September  1966 

2/  Hazard  Analysis  of  Solid  Rocket  Motor  Assembly  Operations 
for  Kennedy  Space  Center  Vehicle  Assembly  Building 
Thiokol  NAS8-30490,  dated  3 June  1977 
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2. 


Consequences  of  Ignition 

The  SRM  propellant  will  be  subject  to  other 
laboratory  characterization  tests  designed  to  provide 
better  insight  into  the  consequences  of  ignition  and 
means  for  minimizing  damages.  Surface  propagation  rate 
will  be  measured.  This  will  give  an  indication  of  the 
gas  evolution  rate  immediately  after  ignition.  The 
effectiveness  of  water  or  other  spray  or  fog  on  burning 
propellant  surfaces  will  be  evaluated.  Thermal  radiant 
flux  levels  vs.  time-to-ignition  will  be  determined 
experimentally,  in  order  to  judge  segment-to-segment 
propagation  behavior.  Exhaust  product  composition, 
burning  time,  plume  shape  and  temperature  profiles  for 
the  several  in-process  or  stacked  configurations  will 
be  calculated.  Estimates  of  ignition  transient  time 
and  net  propulsive  force  will  also  be  calculated.  This 
phase  will  be  a subjective  analysis,  deducing  precautions, 
procedures,  and  overall  planning  recommendation.*!  that 
will  minimize  injury  and  damage. 

3.  Operations  Review 

It  is  intended  that  Thiokol  will  conduct  a 
thorough  survey  of  the  VAB,  regarding  SRM  operations. 

It  will  be  necessary  to  consult  at  length  and  in  detail 
with  NASA  process  planning  personnel.  Details  of 
facilities,  process  flow,  time  lines,  procedures, 
equipment  and  tooling  design,  design  criteria,  mainte- 
nance requirements,  special  tooling,  GSE  and  component 
and  subassembly  configuration  and  characteristics  will 
be  provided  by  NASA  to  the  degree  necessary  to  assess 
potential  hazards.  It  is  proposed  that  cognizant  NASA 
process,  safety  and  facility  personnel  be  assigned  to 
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work  with  Thiokol's  analyst  in  order  to  expedite  the 
exchange  of  information.  Other  than  overall  operations, 
the  following  type  of  information  will  be  included: 

a.  250-ton  Crane.  What  is  design  ultimate 
capacity?  What  is  design  yield  capacity?  What  was  initial 
load  test?  What  is  subsequent  test  load  and  frequency 
program?  How,  and  how  frequently,  are  cables  inspected? 
How,  and  how  frequently,  are  rails,  cable  blocks,  drum 
bearings,  etc.,  inspected  and  overhauled?  What  pre- 
operational  checkout  is  employed  each  day  or  use? 

b.  Separation  Motors.  What  handling  and 
attachment  method  and  equipment  are  planned?  What 
configuration  when  attached?  What  are  propellant 
characteristics?  What  preassembly  will  be  done? 

What  operations  are  performed  after  attachment?  What 
is  ignition  system?  How  is  it  operated? 

4 . Identification  for  Ignition 

Detailed  steps  and  all  associated  hazards  from 
segment  operations,  handling,  component  failures  and 
human  errors  will  be  identified,  and  the  magnitude  of 
the  potential  stimulus  calculated,  measured  or  estimated. 
Potential  for  extraneous  or  peripheral  hazards,  such  as 
electrical  shorts,  dropped  objects,  vapor  generation  and 
ignition  and  others  will  also  be  identified. 

5.  Mechanisms  Producing  Stimuli 

Once  the  stimuli  for  initiation  of  a hazardous 
event  is  identified,  the  next  step  for  resolving  the 
hazard  problem  shall  be  to  identify  the  mechanisms  for 
producing  the  stimuli.  Both  direct  and  indirect 
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mechanisms  shall  be  identified.  Using  the  data  generated 
above,  probability  of  ignition  will  be  determined.  Also, 
the  probability  of  the  identified  hazardous  event  occurring 
where  propellant  exists  and  ignite  will  be  determined. 
Joint-to-joint  impact  or  friction  is  not  in  itself 
hazardous  if  no  propellant  is  in  proximity  to  ignite, 
but  failure  of  a crane  cable  during  a segment  lift  will 
always  expose  propellant  to  a hazardous  fall. 

The  overall  probability  for  each  hazard  will  then  be 
computed  simply  as: 


P * P P P.  where 
e c i 


P * Overall  probability  of  ignition 

* Probability  of  the  hazardous  event  occurring 

P ■ Probability  that  propellant  is  exposed  to  the 
hazardous  stimulus 

Pj  * Probability  that  the  stimulus  magnitude  will 
ignite  the  propellant 


Summing  these  results  for  all  hazardous  even  ;s  will  give 
the  estimated  probability  of  incident. 


6.  Recommendations  for  Hazard  Prevention 

The  recommendations  and  the  analysis  are  actually 
an  iterative  procedure.  When  a particular  hazard  analysis 
deduces  an  overall  probability  of  ignition  considered 
unacceptable,  it  is  not  left  there.  Consideration  is  then 
given  to  methods,  design  changes  or  sequence  changes  that 
will  reduce  one  of  the  component  probabilities,  thus 
reducing  the  overall  probability.  These  then  become  the 
recommendations  tendered  for  improving  the  process  safety 
to  an  acceptable  level. 
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7.  Protective  Measures 

This  final  phase  faces  up  the  fact  that  to  conduct 
the  program,  probability  of  ignition  cannot  be  reduced  to 
zero  and  we  must  look  at  what  might  happen  if  a hazard 
developed.  Much  of  the  data  obtained  above  is  applicable 
to  analyzing  this  phase.  Couf lagration  times,  gas 
generation  rates,  plume  shape,  growth  rate,  quenching 
criteria,  all  enter  into  this  evaluation.  The  goal  would 
be  to  provide  a system  which  would  be  cost  effective  and 
provide  some  means  of  minimizing  damage  if  an  event  occurred. 


REVIEW  AND  STATUS 

The  second  step  after  completion  of  the  study  was  to 
establish  a system  that  maintained  status  on  each  study 
recommendation.  A work  sheet  was  designed  which  designated 
the  individual  and  his  organizational  element  responsible 
for  working  the  recommendation.  In  addition,  a KSC  number 
was  assigned  that  cross  referenced  to  the  study,  statement 
of  recommendation  and  st at us/ comment . The  work  sheet  was 
titled,  "Solid  Rocket  Motor  Hazard  Analysis  Report  Sheet" 
and  representative  copies  are  included  in  the  appendix. 


STUDY  RESULTS  AND  ACTIONS  TAKEN 

Inadvertent  initiation  of  the  propellant  can  occur  as  a 
result  of  friction,  impact,  heating  or  electrostatic 
discharge.  Test  results  established  safe  energy  levels 
as  follows: 


Friction 

Impact 

Heating 

Electrostatic 


2,300  psi 
2.7  ft 
4.98  BTU/ft 


lb/ in 
2 


27°F/min  to  520°  radiant  conduction 
1.3  Joules 


V - 
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The  effects  of  inadvertent  initiation  of  a single  segment 
or  combination  of  segments  in  any  region  of  interest 
during  specified  time  periods  can  be  predicted.  The 
effects  of  interest  are  overpressure,  temperature, 
sound  level  and  exhaust  products.  From  the  study  it 
can  be  shown  that  once  a segment  is  ignited  it  will 
burn  completely  in  approximately  12  minutes.  If  a 
burning  center  segment  is  in  an  upright  position  and 
exhausting  from  the  top  a temperature  of  1,024°F  would 
be  expected  at  180  ft.  above  the  segment  and  25  ft. 
radially  distant. 

The  high  bay  area  and  surroundings  would  very  rapidly 
be  filled  with  smoke  which  would  contain  toxic  constit- 
uents in  concentrations  that  would  be  harmful  to  humans. 
It  must  be  said  in  all  candor  that  at  KSC  there  is  no 
question  that  a solid  can  be  inadvertently  ignited, 
however,  we  feel  that  the  probability  of  such  an 
occurrence  is  sufficiently  low  as  to  warrant  accepting 
the  risk. 

Accordingly,  our  approach  has  been  two-fold: 

First  - Do  those  things  that  preclude  or  minimize 
ignition; 

Second  - Do  those  things  that  given  ignition  prevent 
harm  to  humans  and  minimize  effects  on 
equipment  and  facilities. 

There  were  168  distinct  recommendations  that  were 
identified  by  the  study  covering  design,  operating 
practices,  procedures,  housekeeping  and  training. 
Excluding  the  40  recommendations  dealing  with  design, 
over  50%  of  the  recommendations  were  practices  or 
policies  in  effect  at  KSC  and  had  been  identified  in 
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various  documents.  Much  of  the  remaining  recommendations 
while  common  practice  were  not  in  our  procedure  or  policy 
documents.  These  types  of  recommendations  once  included 
in  a procedure  or  policy  directive  were  marked  closed. 

As  mentioned  previously  precluding  or  minimizing  inadvertent 
ignition  was,  and  is,  paramount  in  obtaining  an  acceptable 
safety  risk  factor.  Many  of  the  recommendations  deal  with 
this  and  typical  examples  are: 

1)  Certification  of  all  segment  handling  equipment 
such  as  the  cranes  and  handling  slings.  These 
equipments  have  been  the  subject  of  detailed 
hazard  analysis,  intensive  periodic  inspections 
and  annually  selective  non-destructive  tests. 

2)  Ensuring  the  resistance  between  vehicle  and 
workstands,  workstands  and  cranes,  and  work- 
stands  to  facility  ground  is  no  greater  than 
1 ohm.  One  of  the  requirements  prior  to 
starting  operations  involving  segments  is 
verification  of  grounds  by  taking  measurements 
at  selected  locations  and  providing  the  results 
of  these  tests  to  the  Safety  Office. 

(Typically  the  ohmic  values  do  not  exceed  0.1.) 

3)  Precluding  objects  striking  exposed  grain  by 
use  of  covers  on  the  segments,  implementation 
of  a tethered  tool  policy  and  installation  of 
caging  and  toe  boards  in  areas  above  and 
around  the  segments. 
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Protection  of  personnel  and  minimizing  exposure  is 
accomplished  by: 

1)  Each  first  time  operation  such  as  off  loading 
segments  from  the  rail  car,  placement  in 
workstands  or  placement  on  the  mobile  launcher 
platform  will  be  done  on  a weekend  with  only 
minimum  operational  personnel  present. 

2)  Egress  routes  have  been  established  that 
allow  evacuation  time  from  work  station  to  the 
egress  route  in  less  than  thirty  seconds  and 
longest  time  to  evacuate  the  building  once 

in  the  egress  route  is  6 minutes. 

3)  A housing  plan  was  developed  that  restricted 
not  only  the  numbers  of  people  allowed  in  the 
VAB  but  in  addition  limited  the  areas  that 
could  be  occupied.  With  the  exception  of 

the  external  tank  workstands  and  the  ) 

integrating  cells  where  the  total  vehicle  is 
stacked,  occupancy  has  been  limited  to  the 
first  five  floors. 

CONCLUSION 

In  summary,  we  feel  that  the  many  in-house  reviews, 
discussions  with  industry,  and  the  consultations  with 
the  DOD  Explosives  Safety  Board  have  resulted  in  a system 
of  management  review  and  ensures  proper  consideration 
of  safety  requirements  for  all  facets  of  activity  in  the 
VAB,  both  for  now  in  the  planning  stages,  and  also  allows 
for  redirection  as  we  gain  operational  experience. 
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Scofield /Horny ck 


IF 

NUMStR 


34 


(came  <•  item  133) 


CONTRACTOR 

NUMBER 


15 


2.5 

Ignition  preventlcfi 
Ireconmendat  lone 


OMAMtIATION 

SF-PRA-  1 


7-5-77 


RECOMMENDATION 


Dye  penetrent.  inspect  crltlcel  velde,  pins, 
clevises,  etc.,  after  proof  test. 


ACTION  CLOSED 


STATU  S/COMMENTS 


KSC-STD-SF-0001C  requires  testing  of  these  items  prior  to  use.  Hex 1 nun  segment  weight 
to  be  lifted  Is  320,000  lba.  The  crane  is  rated  et  500,000  lbs.,  end  will  have  a 
current  load  test  of  558,000  lbs.,  per  Hr.  Ray  Phillips,  SO- ENG,  per  phone  conversation 
June  23,  1977.  Contacted  Carloa  Springfield,  SO- LAB,  June  29,  1977,  and  he  indicated 
that  dye  penetrant  inspection  would  not  be  as  effective,  in  this  case,  ee  electromagnet^ 
pit  tide  testing,  on  hooks  or  attachments  smnufactured  from  SAE  4140  heat  treated  steel 
Dye  penetrant  used  on  painted  surfaces  also  does  not  furnish  eetiefactory  results. 

Mr.  Springfield  further  auggeated  that,  whichever  teete  were  used,  it  be  done  prior  to 
the  load  test  as  well  as  immediately  following  it,  ee  this  would  provide  a realistic 
"msp"  to  facilitate  fracture  growth  measurements,  ae  well  as  an  indication  of  previously 
existing  surface  flaws. 

To  TS  for  evaluation  and  further  recossMndetlons. 


In  memo  of  8/2/77  TS  stated  that  they  annually  proof-load  test  the  cranes  end  magneflux 
the  hooks;  they  believe  this  is  sufficient.  TS  le  not  responsible  for  pins,  clevises, 
end  other  component  parte  of  lifting  equlpment/esesMbllee. 

Further  SF  comment;  As  stated  above,  TS  annually  teste  and  lnepecte  cranes,  and  hooks. 
KSC-SfD-S-OOOlC  requires  operating  organisations  to  proof-load  test,  annually,  ell  sllngi  , 
pine,  clevises,  and  associated  hardware  as  a complete  assembly.  The  llftlag  hardware  is 
tethered  so  that  parte  cannot  be  removed  and  replaced.  The  Standard  requires  the  lift  ini 
assembly  be  inspected  periodically  for  wssr,  damage,  and  coroseion,  however,  it  does  not 
require  dye  penetrent  inspection.  Additionally,  OMIe  will  require  inspection  verlflcetli  n 
of  valid  proof-load  tests  prior  to  equipment  uee.  Apollo  Program  experience  indicates 
this  is  sufficient.  Rased  on  this  rationale,  thlt  recommendation  is  closed. 


*SC  R«wa  DT.IHI  !•/»«  HMITHdl  MRM  - M|M|NT  HOT  AUtMiNlllOl 
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NAME 

Scofield/Hornyak 

organization 

SF-PRA 

DATE 

7-12-77 

SF 

HUMSER 

CONTRACTOR 

NUMSER 

RECOMMENDATION 

31 

12 

2.5.1 

Ignition  Preven 
tion  (High  Bays 
2 and  4) 

Procedures  should  require  that  both  Thiokol 
and  KSC  inspectors  verify  the  absence  of  all 
external  propellant  contamination  before  and 
after  shipment,  respectively. 

ACTION  CLOSED 

11 ATU  t/COMMENTS 

Transferred  from  SF-SOO  SRM  Report  Sheet. 

Ref.  SF  No.  64.  A data  package  with  certification  of  cleanliness  will 
accompany  shipped  segments.  KSC  inspection  not  available  at  Thiokol 
plant . 

KSC  will  be  responsible  for  verifying  certification  is  received  and 
additional  inspections  performed  as  required  during  receiving 
inspection. 

TO  VO  for  appropriate  action. 


SVO  agrees  and  the  results  will  be  put  in  the  OMI's  by  USBI ; 
however,  KSC  will  verify  only  after  shipment. 

SF-SOO-1  to  track  and  identify  the  procedure. 


»«  •T.IM*  H/lll  I OMIT  MAC  MM  - REPRINT  WOT  *WTHOHItCCI 


i 


\ 

iooo 


i 


SOLID  ROCKET  MOTOR  HAZARDS  ANALYSIS  REPORT  SHEET 


NJ-nIC 

J . R.  Reynolds 

ORGANIZATION 

SF-SEC-3 

DATE 

August  8,  1977 

SF 

HUMBER 

;■  if  i | | 1 

Kmmi 

RECOMMENOATION 

14. 

2.4.2  3 

Provide  each  segment  and  partial  or 
finished  stack  with  external  water  spray 
coverage  at  a density  of  0.25  gpm/sq.  ft. 
or  more  on  top  and  sides. 

STATU  S/COMMENTI 

Water  spray  of  each  segment : 

If  segments  can  be  stored  x feet  apart  (x  - minimum  distance  that 
propagation  will  not  occur  from  segment-to-segment) .then  segment  water 
spray  is  not  necessary.  Thiokol  should  provide  the  distance  x (not 
mentioned  in  report  TWR-11389),  then  KSC  SP  office  should  assess  if 
the  distance  is  acceptable  to  storage  requirements. 

If  the  distance  is  not  acceptable  to  SP,  then  individual  segment  water 
spray  protection  is  required.  Water  spray  system  can  be  arranged  to 
be  turned  on  manually  by  request  of  1P10  communicator,  after  actuation 
of  the  fire  alarm  system.  (Page  7-25  of  TWR-11389  indicates  there  is 
1 to  2 minutes  to  get  the  system  on  to  prevent  propagation  of  segments 
17.17  feet  apart  center-to-center ) . 

Water  Spray  of  partial  or  finished  stock: 

Each  stacking  high  bay  (1  and  3)  platform  half  has  a manually  operated 
deluge  system  (operated  on  site  only)  that  protects  tho  platform  area. 
The  platform  deluge  systems  do  not  spray  the  segment  stack. 
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PART  I 


GOOD  AFTERNOON  LADIES  AND  GENTLEMEN: 

I AM  LTC  WATTS,  TO  COMMANDING  OFFICER  OF  RADFORD  ARMY  ATTUNITION 
PLANT,  MY  DISCUSSIOTT  TITLED  "MAJOR  EXPLOSION  IN  CONTINUOUS  NITROGLYCERIN 
MANUFACTURING  FACILITY"  RELATES  TO  INCIDENT  WHICH  QCCURED  AT  RAAP.  I 
WILL  INITIATE  THE  DISCUSSION  WITH  A DESCRIPTION  OF  WHAT  HAPPENED  AND  SOFE 
OF  THE  PROBLEMS  FACED  AND  SOLVED  BY  TO  COMANDING  OFFICER  AND  TUE  PLANT 
MANAGER.  I WILL  BE  FOLLOWED  BY  MR,  SKOGMAN  WHO  WILL  DISCUSS  THE  IMPLICATIONS 
OF  TO  EXPLOSION  AND  ITS  EFFECTS  ON  SAFETY  STANDARDS. 
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FIRST  AN  EXPLANATION  OF  A GOCO  PLANT,  THE  GOVERNTENT  CMTS  ALL  OF 
THE  FACILITIES  BUT  CONTRACTS  THE  OPERATION  OF  TIE  MANUFACTURING  TO  A 
COMMERCIAL  CONTRACTOR.  IN  RAAP'S  CASE  HERCULES  INCORPORATED. 


AT  0605  HRS  ON  TIE  MORNING  OF  6 JAN  1978,  ONE  DAY  AFTER  ACHIEVING  A 
LEVEL  OF  9,1  MILLION  MANHOURS  WITHOUT  A LOST  TIME  INJURY,  RADFORD  ARMY 
AMMUNITION  PLANT  WAS  R&KED  BY  THE  EXPLOSION  OF  5,000  LBS  OF  NITROGLYCERIN. 
REPERCUSSIONS  AND  ECHOS  WERE  HEARD  FOR  MILES  THROUGHOUT  THE  AGRICULTURAL 
, '<D  INDUSTRIAL  OTIUNITIES  SURROUNDING  THE  PLANT.  REPERCUSSIONS  WILL  ALSO 
E FELT  FOR  YEARS  TO  COf€  WITHIN  THE  AMMUNITION  COMITY,  IT  IS  THE  CHAIN 
OF  EVENTS  SET  INTO  MOTION  BY  THAT  EXPLOSION  THAT  I'M  GOING  TO  DISCUSS  TODAY. 

DISCUSSION  WILL  CONSIST  OF  THREE  BASIC  PARTS,  ORIENTATION  ON  RAAP, 
SIGNIFICANT  PROBLEMS  FACED  AND  SOLVED  AND  CURRENT  OPERATING  SITUATION. 

THIS  OW  SHOWS  AN  AERIAL  VIEW  OF  PART  OF  TIE  MANUFACTURING  AREA. 


THIS  SLIDE  SHOWS  THE  PLANT'S  LOCATION  IN  SW  VIRGINIA  - 41  HUES  FROM 
ROANOKE,  4,5  HOURS  WEST  OF  FT  LEE  AND  RIGflOND,  6.5  HOURS  SOUTH/SW  OF 
WASHINGTON,  DC  ON  ROUTE  81.  THE  PLANT  CONSISTS  OF  TWO  UNITS  APPROXIMATELY 
9 MILES  APART,  THE  NEW  RIVER  UNIT,  USED  PRIMARILY  FOR  STORAGE  AND  TIE 
RADFORD  UNIT  WHERE  THE  PROPELLANT  IS  MANUFACTURED.  THE  PLANT  LIES 
PRINCIPALLY  IN  A VALLEY  ALONG  THE  NEW  RIVER  WITH  3 CITIES  IN  THE  MEDIATE 
VICINITY,  RADFORD,  BLACKSBURG  AND  CHRISTIANSBURG. 
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LOCATION 


THE  tWURCTJRE  CF  PROPELLANTS  AND  EXPLOSIVES  IS  AN  ENERGY  INTENSIVE 
PROCESS  REQUIRING  CONSIDERABLE  UTIUTIES  CAPACITY.  THE  UTILITIES 
CAPABILITY  IS  LOCATED  ON  THE  RADFORD  UNIT  DF  APPROXIMATELY  4,100  ACRES. 


* 
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RADFORD  ARMY  AMMUNITION  PLANT 
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THE  RADFORD  UNIT  IS  SPLIT  BY  THE  NEW  RIVER  FLOWING  EAST  AND  WEST  AS 
IT  FORMS  WHAT  IS  CALLED  TIE  HORSESHOE  AREA  CONNECTED  TO  THE  MAIN  PLANT 
BY  A BRIDGE  WICH  BELONGS  TO  THE  ARMY, 

THE  MANUFACTURING  PROCESS  FLOWS  TOWARD  THE  RIVER,  PHYSICALLY  DOWN  HILL 
FROM  THE  ADMIN  AREA  THROUGH  THE  FINISHING  AREA.  NOTE  THE  LOCATIONS  OF 
NITROGLYCERIN  AREAS  #1  and  2. 
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RADFORD  ARMY  AMMUNITION  PLANT 

RADFORD  UNIT  — T, 


MIIE 


ON  MS  SLIDE,  THE  TOP  LITE  IS  THE  BOTTOM  LIFE.  HE  MANUFACTURE 
PROPELLANT  AND  EXPLOSIVES  WHICH  IS  PRIMARILY  A CHEMICAL  PROCESS.  WE  DO 
HAVE  A 300  MILLION  DOLLAR  MODERNIZATION  PROGRAM  UNDERWAY  AND  A 90  MILLION 
DOLLAR  POQUTION  ABATEMENT  PROGRAM.  TIE  POLLUTION  ABATEMENT  PROGRAM  IS  AT 
THE  MOMENT  RECEIVING  MAXIMUM  ATTENTION  AS  THE  STATE  OF  VIRGINIA  IS  THREATEN- 
ING SUIT  AND  ASSESSieiT  OF  PENALTIES  MICH  COULD  REACH  10,000  DOLLARS/DAY 
FOR  EACH  SOURCE  FOR  27  MONTHS,  TOTALLING  MILLIONS  OF  DOUARS. 


RADFORD  ARMY  AMMUNITION  PLANT 
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PARTICIPATE  IN  INDUSTRIAL  READINESS  AND 
MOBILIZATION  PLANNING 

PROVIDE  SUPPORT  SERVICE  FOR  TENANTS 


THIS  BUSY  SLIDE  IS  TIE  CRUX  OF  THIS  PORTION  OF  MY  BRIEFING.  IT  IS 
DESIGNED  TO  REFLECT  THE  INTER-RELATIONSHIPS  OF  THE  VARIOUS  MATERIALS  USED 
TO  YIELD  THE  PROPELLANT  PRODUCTS. 

VE  PROCURE  THE  MATERIALS  ON  THE  LEFT.  WE  MANUFACTURE  NITRIC  AND  SULFURIC 
ACID  AND  UPON  COMBINATION  OF  THESE  ACIDS  WITH  TIE  OTHER  MATERIALS  PURCHASED 
IE  DERIVE  NC,  NG  AND  TNT.  SINGLE  BASE,  DOUBLE  AND  TRIPLE  BASE  PROPELLANTS 
ARE  REFLECTED  HERE. 

NOTEWORTHY  AT  THIS  JUNCTURE  IS  THAI  BETWEEN  50  AfO  60%  OF  RAAPs 
PRODUCTION  REQUIRES  NG.  AND  DON'T  FORGET  THIS  'WHOLE  PROCESS  INVOLVES 
OVER  2,600  PEOPLE. 
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RAAPs  MANUFACTURE  OF  NG  IS  SIGNIFICANT  TO  NOT  ONLY  THE  ARMY  BUT  OTHER 
SERVICES  AND  COUNTRIES  AS  WELL.  TTE  IMPORTANCE  IS  REFLECTED  HERE  BY 
PRODUCTS  REQUIRING  NG  AND  THE  CUSTOMER  REQUIRING  TTE  PRCDUCT.  SO,  TTE 
MANUFACTURE  OF  NG  AT  RAAP  TRANSCENDS  THE  LOCAL  SITUATION  OF  RAAP,  2,600 
WORKERS  ATO  EVEN  THE  ARMY  AS  A SERVICE. 
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THIS  IS  A LAYOUT  OF  TIE  NG  AREA  SHOWING  Tl£  3 STOREHOUSES  AND  THE 
NITRATION  HOUSE,  NITRATION  WAS  CONTINUOUS  USING  TTE  BIAZZI  PROCESS  AND 
TVE  NG  FLOW  TO  TV€  STOREHOUSES  WAS  BY  GRAVITY  THROUGH  A PLASTIC  1 1/2" 

FEED  LINE  WHICH  RESTED  IN  A GUTTER,  TT£  NITRATION  BUILDING  AND  STOREHOUSE 
# 1 (SHOWN  IN  RED)  EXPLODED,  STOREHOUSES  #2  AND  3 (SHOWN  IN  YELLOW)  DID 
m.  EXPLODE. 


PICTURE  OF  TE  BIAZZI  UNIT  AS  INSTALLED  IN  THE  NITRATION  BUILDING. 
NOTICE  THAT  IT  IS  ALL  STAINLESS  STEEL 

ON  THE  NEXT  SLIDE  I Will  ACTUALLY  TRACE  THE  PROCESS. 
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to.’  I 


I MIL I RUN  THROUGH  THE  NITRATION  PROCESS  VERY  QUICKLY  TO  PROVIDE 
AN  APPRECIATiON  OF  ITS  COTPLEXITY. 

(DISCUSS  SLIDE) 
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NITRATION  PANEL 


10J5 


STATISTICS  OF  1HE  INCIDENT  ARE  SHOW  HERE. 


(DISCUSS  CHART) 

IT  SHOULD  BE  NOTED  TEAT  OUR  CAPABILITY  TO  MANUFACTURE  NS  IN  AREA  #2 
WAS  DESTROYED  AND  THAT  TOTAL  NG  SUPPLY  ’WAS  NOW  8,000  LBS  WHICH  WAS 
LOCATED  IN  DAMAGED  FACILITIES, 
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IfFT  8,000  IBS  Of  H6  IN  TWO  DAMA 


EFFECTS  OF  THE  EXPLOSION  ON  STOREHOUSE  til  ARE  SHOWN  HERE  WITH  A 
BEFORE  AND  AFTER  LOOK, 
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NG  STOREHOUSE  NO. 


before 


THE  EXPLOSION  OCCURRED  AT  0605  HRS.  WE  HAD  ONLY  THE  NIGHT  SHIR 
WORKING  AND  THE  MAIN  WORKFORCE  WAS  TO  START  AT  0800  HRS.  FOR  THE  MOST 
PART  THE  6TH  OF  JANUARY  WAS  A "REACT"  DAY.  THE  DEMANDS  WERE  GREAT.  SCME 
OF  THE  PROBLEMS  WHICH  TEND  TO  LOCM  THE  LARGEST,  AFTER  THE  FACT,  ARE  SHOWN 
FERE.  I WILL  DISCUSS  EACH  BRIEFLY. 

A DAY  THAT  STARTED  WITH  A "BANG",  EME)  WITH  A GROAN  AT  APPROXIMATELY 
0030  HRS  7 JAN,  ANTICIPATING  THE  0800  IRS  f’EETING  THE  NEXT  DAY  (SATURDAY) 
WITH  ALL  PRINCIPAL  MEM3ERS  OF  BOTH  HERCULES  AND  MY  STAFF.  TO  SET  THE  STAGE 
FOR  RECCN/ERY  ACTIONS. 
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THE  FIRST  PROBLEM  OF  COURSE,  MS  IFPACT,  PRODUCTION  AND  PEOPLE, 
HOW  TO  ASSESS  AND  LIMIT. 


!£RE  ARE  Sat  OF  TIE  CONSIDERATIONS.  0ISCUSS) 


AND  HERE  ARE  OUR  SOLUTIONS.  (DISCUSS) 

AS  A RESULT  OF  THESE  - NO  OTHER  AMMUNITION  PLANT  WAS  IMPACTED  AND  THE 
TOTAL  PERSONNEL  ttPACT  RANGED  FRO’1  127  PEOPLE  OUT  FOR  1 DAY  TO  8 PEOPLE 
OUT  FOR  11  DAYS.  A TOTAL  OF  250  PEOPLE  WERE  AFFECTED  BUT  NO  ONE  WAS 
LAVED  OFF.  ONLY  FURLOUGHED  WITHIN  PROVISIONS  OF  THE  CONTRACT. 

THIS  WAS  POSSIBLE  PRIMARY  BECAUSE  HERCULES  WORKED  ITS  MINTENANCE 
CREW  24  HOURS/DAY,  7 DAYS/WEEK  TO  GET  NG  AREA  #1  ON  STREAM,  NG  AREA  frl 
IS  A BATCH  PLANT  CONSTRUCTED  IN  1945  AND  NOT  IN  USE  FOR  NG  PRODUCTION 
AT  THE  Tift. 
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IMPACT 
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REALIGNED  PRODUCTION  SCHEDULE  TO  CRITICAL  ITEMS 
AND  THOSE  THAT  WERE  LABOR  INTENSIVE 
FILL  WEATHER  ABSENTEEISM  WITH  FURLOUGHED  PERSONNEL 
ADVANCED  FUTURE  WORK  (REBLENO) 


THE  MISSING  PERSON  PROM  WILL  NEVER  BE  COMPLETELY  SOLVED. 

EE  PROBLEM  HAS  NO  SET  SOLUTION  AND  'WAS  ONE  OF  THE  WORST  TO  ADDRESS. 


(DESCRIBE/DI SQJSS  CRATER  AREA  AND  CONSIDERATIONS) 


THESE  ARE  THE  SOUITIONS  VE  DEVELOPED.  IT  SHOULD  BE  NOTED  THAT  NO 
SPECIFICALLY  IDENTIFIABLE  REMAINS  WERE  EVER  FOUND,  SMALL  RB1NANTS  OF 
MATERIAL  WERE  FOUND  AND  DETERMINED  TO  E HUMAN  TISSUE.  THE  FAMILY  HELD 
THE  FUNERAL  19  MR  78,  9 WEEKS  AFTER  THE  INCIDENT.  THE  STATE  OF  VIRGINIA 
LEGISLATURE  PASSED  A SPECIAL  ACT  DECLARING  THOSE  INVOLVED  IN  THE  EXPLOSION 
LEGALLY  DEAD  IF  THEY  WERE  STILL  MISSING  AFTER  6 MONTHS. 
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THE  OSHA  PROBLEM  IS  ALSO  A KNOTTY  OfJE  AND  ONE  YOU  CANNOT  SOLVE  AT 
THE  PLANT  LEVEL. 


THE  CONSIDERATIONS  \£  HAD. 


AND  LEE  ARE  OUR  SOLUTIONS. 

ACTION  IS  CONTINUING  ON  A JOINT  MEMO  OF  UNDERSTANDING  BETWEEN  DA  AND 
DOL  WHICH  Will  RESULT  IN  OSHA  BEING  PERMITTED  ENTRANCE  INTO  TEE  PLANT, 
UNDER,  I HOPE,  CERTAIN  RESTRICTIONS. 
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ADHERE  TO  CURRENT  POLICY  - ADMIT  TO  ADMIN  AREA  ONLY 
SCHEDULE  SECOND  VISIT  TO  ADMIN  AREA 
HOSPITABLE  AND  ACCOMMODATING  AS  POSSIBLE 


THIS  ONE  WILL  SCARE  HELL  OUT  OF  YOU,  AT  LEAST  IT  DID  f€.  THE  NEWS 
PEOPLE  CAN  RAISE  YOU  TO  HEIGHTS  YOU  NEVER  DREAMED  OF  OR  CAN  HAVE  YOU 
TALKING  IN  YOUR  SLEEP  DURING  DREAMS  YOU  WOULD  LIKE  TO  FORGET, 


CONSIDERATIONS  WE  HAD. 


OUR  SOLUTIONS  l£RE  THESE.  (DISCUSS) 

THE  RESULT  OF  THIS  OT€  WAS  OBVIOUS.  ’WE  HAD  AND,  STILL  DO,  A GOOD 
PRESS. 
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MEDIA 
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ESTABLISHED  SINGLE  POC  FOR  MEDIA 
FOLLOW-UP  ON  ALL  DEFERRED  INQUIRIES 
LATER  PRESS  RELEASE  WITH  NAMES  OF  INJURED 


THE  PROBLEM  OF  RECWERY  IS  TOO  PRONGED  - TO  TO  GET  BACK  INTO 
PRODUCTION  WITH  MINIMUM  IMPACT  THEN  HOW  TO  RESTORE  THE  PRCDUCTION 
CAPABILITY  IN  THE  DESTROYED  AREA. 


CCNSIDERATIOFB  AVAILABLE.  (DISCUSS) 


OUR  SOLUTIONS  - ARE  SHOUT  I ERE, 

I m DISAPPOINTED  IN  OUR  UOMG  RANGE  SOLUTION  SINCE  THE  EFFORT  IS 
EXPECTED  TO  TAKE  26  MONTHS  - MAY  1980  VE  HOPE  TO  BEGIN  OPERATIONS 
IN  .AREA  #2. 

NO  MATTER  WHAT  YOU  CO,  IT  WILL  TAKE  ABOUT  2 YEARS  TO  GET  YOUR 
PLANT  BACK. 
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RECOVERY 


LONG  RANGE 

DEVELOP  PROGRAM  DOCUMENTS  FOR  RESTORATION 
GET  ALCON  ON  BOARD 

UTILIZE  CURRENT  STATE  OF  ART  TECHNOLOGY 


THIS  "PROBLEM"  WAS  NQI  A PROBLEM  FOR  RAAP,  BUT  COULD  BE  A SIGNIFICANT 
PROBLEM.  WHO  HAS  WHAT  RESPaTSIBILITIES  DURING  A CRISES  SUCH  AS  A BLOW 
ON  A GOCO  PLANT,  MUST  BE  CLEARLY  DEFINED  IN  ADV.ANCE  OR  YOU  MUST  OPERATE 
AS  A TEW  WITH  EACH  SIDE  DOING  WHAT  HE  BELIEVES  IS  RIGHT  AID  COORDINATING 
IT  WITH  THE  OTHER.  OBVIOUSLY  SUE  THINGS  CANNOT  BE  DONE  WITHOUT  SPECIFIC 
APPROVAL  OF  COR  AND/OR  ARRCOM. 


CONSIDERATIONS. 


THE  SOLUTION  TO  THE  RESPONSIBILITY  PROBLEM  IS  MALE  DECISIONS  AND  DQ 
THE  JOB  WHILE  FULLY  COORDINATING  TIE  ACTIONS. 

TIE  CO  ACCEPTS  FULL  RESPONSIBILITY  FOR  DECISIONS  THAT  MUST  BE 
CCRRDINATED  WITH  ARRCOM.  COORDINATE  LATER. 

THE  RELATIONSHIP  OF  CO  AND  PUWT  MANAGER  MUST  BE  SUCH  TO  PERMIT 
EACH  TO  FULFILL  HIS  RESPONSIBILITIES  AND  COORDINATE  LATER. 
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RESPONSIBILITIES 
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THIS  SLIDE  REFLECTS,  FROM  A SAFETY  VIEWPOINT,  TIE  CURRENT  RISKS  THE 
ARMY  IS  TAKING  RUNNING  NG  AREA  #1,  REMEMBERING  TIE  IMPORTANCE  OF  NG  TO 
THE  O/ERALL  PROPELLANT  PRODUCTION  YOU  DRAW  THE  CONCLUSION  THAT 
PROPELLANT  PRODUCTION  MIST  CaTTINUE.  WE  HAVE  ASSESSED  ALL  RISKS  AND 
CONDUCTED  A FORTAAL  HAZARD  AI>IALYSIS  IAW  ARMCGM  REG  385-4  AID  CONCIJJDED  THAT 
W RISKS  ARE  WITHIN  ACCEPTABLE  LIMITS, 

TIE  RISKS  ARE  REFLECTED  HERE  TO  DIFFERENTIATE  BETWEEN  THE  CONTINUOUS 
NG  AREA  #2  AND  BATCH  AREA  #1, 

NEEDLESS  TO  SAY,  WE  ARE  TAKING  EXTRAORDINARY  fEASURES  TO  ASSURE 
MAXIMUM  SAFETY  OF  OPERATION. 
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NG  WASTE 

MANUAL  DISPOSAL 
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TRANSPORTATION 

BRIDGE 


IN  CONCLUSION,  a board  of  investigation  was  appointed  by  arrcom  and 
TFC  PRESIDENT  OF  Tit  BOARD  WAS  ON  THE  SCENE  THE  SATE  DAY  OF  TIE  explosion. 
TEE  REPORT  HAS  BEEN  COMPLETED  AND  MR.  SKOGMAN  WILL  DISCUSS  IT  IN  DETAIL 
AS  \E1  AS  OTHER  SAFETY  IMPLICATIONS, 


I WILL  TAKE  ANY  GENERAL  QUESTIONS  YOU  HAVE  ON  THE  PLANT  AT  THIS  TINE. 
HOWEVER,  I WOULD  LIKE  YOU  TO  HOLD  QUESTIONS  ON  THE  EXPLOSION  UNTIL 
MR.  SKOGMAN  IS  FINISHED. 

MR.  SKOGMAN... 


l()4(i 


PART  2 


Gentlemen: 

My  name  is  Cave  Skogman,  I am  a Safety  Engineer  with  the  Headquarters, 
US  Army  Armament  Materiel  Readiness  Command  at  Rock  Island,  Illinois.  I 
was  a member  of  the  Army  Board  of  Investigation  that  was  convened  to 
determine  the  cause  of  the  NG  explosion  at  Radford  and  develop  recommen- 
dations to  prevent  its  recurrence.  The  composition  of  the  Board  of 
Investigation  was  as  shown  on  Figure  1.  The  membership  was  chosen  to 
provide  the  necessary  expertise  to  investigate  an  accident  of  this 
type. 

The  President  of  the  Board  was  COL  F.ure  who  was  the  Commanding 
Officer  of  Ilolston  Army  Ammunition  Plant  at  the  time  of  the  accident. 

COL  Eu~e  established  administrative  control  over  tiie  area  of  the  explo- 
sion and  arrived  at  Radford  at  1430  on  6 January  i978.  The  first  meeting 
of  the  Board  with  all  member  present  was  on  11  January  1978. 

The  box  score  that  resulted  from  this  incident  was  indeed  impressive 
(Figure  2).  But  as  seems  to  be  the  case  in  explosions  of  this  magnitude, 
it  could  easily  have  been  much  worse.  Only  minutes  before  the  incident, 
two  Nitroglycerin  Weigh  Operators  passed  through  the  Nitrating  ilouso 
enroute  to  the  NG  Area  Office  and  would  undoubtedly  have  been  severely 
injured  or  killed  had  they  been  in  the  Nitrating  House  at  the  time  of 
the  incident. 
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Figure  3 shows  the  relative  locations  of  the  injured  personnel  from 
the  two  primary  explosive  concentrations  at  the  time  of  the  incident.  It 
was  estimated  that  there  were  675  pounds  of  NG  in  the  Nitrating  House  and 
4,200  pounds  of  NG  in  Storehouse  #1.  The  fact  that  an  operator  was 
located  in  the  Nitrating  House  at  the  time  of  the  incident  and  survived 
can  only  be  described  as  incredible.  Furthermore,  the  required  intraline 
distance  for  700  pounds  of  NG  is  80  and  160  feet,  barricaded  and  unbarri- 
caded intraline  distance,  respectively.  Three  of  the  casualties  were 
within  these  minimum  distances  and  were  not  seriously  injured.  The 
Nitrating  House  had  reinforced  concrete  walls  with  earth  barricades 
against  the  walls  which  most  probably  helped  protect  these  individuals 
from  more  serious  injury. 

However,  based  on  the  quantity  of  NG  involved,  the  degree  of  physical 
damage  sustained  and  the  close  proximity  of  personnel  to  the  explosion,  it 
can  certainly  be  seen  that  this  casualty  listing  could  easily  have  been 
much  worse. 

The  Board  estimated  that  at  the  time  of  the  incident  there  were  4,200 
pounds  of  NG  j.n  Storehouse  *1,  677  pounds  in  the  Nitrating  House,  and 
123  pounds  distributed  in  the  Diverter  Station  and  NG  Conduit  between  the 
Storehouse  and  Nitrating  House.  The  current  minimum  acceptable  explo- 
sive quantity  distance  requirements  for  4,200  and  700  pounds  of  high 
explosive  are  as  shown  on  Figuro  4.  By  definition,  inhabited  building 
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distance  provides  a high  degree  of  protection  to  frame  or  masonry  build- 
ings from  structural  damage,  to  their  occupants  from  death  or  serious 
injury,  and  reasonable  protection  to  superficial  parts  such  as  window 
frames,  doors,  porches,  and  chimneys.  Inhabited  building  distance  does 
not  provide  protection  against  glass  breakage  or  injury  to  personnel 
from  glass  breakage  or  hazardous  fragments.  Again  by  definition,  intra- 
line distanco  is  expected  to  protect  buildings  from  propagation  of  explo- 
sion due  to  blast  effects  but  not  against  the  possibility  of  propagation 
due  to  fragments.  Buildings  separated  by  intraline  distance  will  pro- 
bably suffer  substantial  structural  damage. 

Major  explosions  provide  an  opportunity  to  verify  that  the  current 
explosive  separation  criteria  are  still  acceptable  and  accurate.  This 
chart  (Figure  5)  shows  the  estimate  of  damage  to  several  buildings 
located  at  approximately  inhabited  building  distance  from  the  4,200 
pounds  of  NG  at  NG  Storehouse  *1.  F.ffects  ranged  from  door  and  window 
breakage  to  moderate  structural  damage  and  occupants  of  these  buildings 
wore  protected  from  death  or  serious  injury.  In  general,  it  can  be  said 
that  the  degree  of  protection  predicted  by  inhabited  building  distance 
separation  was  verified. 

Buildings  located  at  intraline  distance  from  NG  Storehouse  #1  did 
suffer  substantial  structural  damage  as  predicted  by  current  separation 
criteria,  but  propagation  did  not  occur  (Figure  6).  The  NG  storage 
tanks  in  S^arehouse  #3  were  displaced  about  0.5  inches  from  the  forco 
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of  the  explosion  and  all  the  remaining  NG  storage  tanks  contained  debris 
from  the  explosion.  One  very  significant  conclusion  of  the  Board  of 
Investigation  needs  to  be  emphasized  at  this  point.  There  was  310  feet 
separation  distance  between  NG  Storehouse  #1  and  NG  Storehouse  #2.  This 
distance  meets  the  minimum  unbarricaded  intraline  separation  distance 
requirements;  and  therefore,  the  barricades  that  were  in  place  exceeded 
the  minimum  acceptable  requirements.  Based  on  the  extent  of  damage  sus- 
tained and  the  sensitivity  of  NG,  the  Board  concluded  that  these  barri- 
cades probably  prevented  sympathetic  detonation  from  occurring.  In  other 
words,  exceeding  the  minimum  requirements  probably  prevented  a much  more 
serious  incident.. 

The  sole  purpose  of  the  Board  of  Investigation  was  to  determine  the 
most  probable  casue  of  the  incident  and  develop  recommendations  to  pre- 
clude its  recurrence.  From  a process  and  physical  standpoint,  the 
incident  involved  three  distinct  funtions  and  areas;  the  Nitrating  House 
where  the  NG  was  produced;  the  NG  Diverter  Station  and  Conduit  which 
transferred  the  NG  from  the  Nitrating  House  to  the  Storehouse;  and  the 
Storehouse  where  the  NG  was  stored  until  used  (Figure  7).  The  first 
priority  was  to  determine  in  which  of  these  process  areas  the  incident 
most  likely  was  initiated  in  order  to  narrow  the  search  for  the  most 
probable  cause.  F.ach  of  the  three  areas  is  shown  here  in  order  of 
increasing  probability  as  determined  by  the  Board;  i.e.,  it  w;.3  deter- 
mined that  initiation  in  the  Diverter  Station/NG  Conduit  was  least  likely, 
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and  initiation  in  the  storehouse  was  most  likely.  I will  briefly  discuss 
the  rationale  used  in  making  this  initial  crucial  determination. 

The  Board  examined  possible  stimuli  that  could  have  initiated  the 
incident  in  the  Diverter  Station/NG  Conduit  as  shown  on  Figure  8.  It  is 
known  that  strongly  acidic  impure  NG  decomposes  autocatalytically  and 
exothermal ly  which  can  lead  to  autoignition  and  detonation.  This  possi- 
bility was  highly  unlikely  since  the  NG  in  the  Conduit  had  already  been 
subjected  to  soda  water  and  water  washes  before  leaving  the  Nitrating 
Mouse.  The  possibility  of  human  error  was  also  discarded  because  the 
location  of  all  personnel  in  the  area  was  determined,  and  no  one  was 
working  in  the  vicinity  of  the  NG  Conduit  at  the  time  of  the  incident. 

The  third  possibility  considered  was  that  an  object  struck  the  Conduit 
causing  initiation.  There  was  no  evidence  found  of  such  an  occurrence; 
and  since  there  was  no  wind  or  storm  in  the  ares  at  the  time,  this  possi- 
bility was  discarded.  It  is  known  that  a mixture  of  liquid  and  crystalline 
NG  is  more  sensitive  to  shock  than  liquid  NG.  The  NG  Conduct  was  bathed 
in  hot  water,  and  the  temperature  of  this  water  was  monitored  at  the 
Nitrating  Mouse.  If  this  water  heating  system  had  failed,  which  is 
unlikely,  the  only  predictable  result  would  have  been  the  gradual  freezing 
of  NG  and  eventual  blockage  of  the  NG  Conduit.  An  initiation  stimulus 
would  still  have  been  required  to  have  caused  the  incident. 
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Initiation  in  the  Nitrating  House  was  considered  and  concluded  to  be 
improbable  for  several  reasons  (Figure  9).  Nitration  had  been  going  on 
for  9 hours  prior  to  the  incident  which  included  a shift  change,  and  all 
operations  had  been  normal.  The  in-process  inspection  tests  on  the  NG 
produced  during  this  period  showed  that  the  NG  was  acceptable.  The 
Nitrating  House  was  manned  with  two  experienced  and  knowledgeable  opera- 
tors. The  surviving  operator  stated  that  all  operations  were  normal 
prior  to  the  incident.  The  surviving  operator  further  stated  that  if 
strongly  acidic  NG  capable  of  autoignition  had  been  present  in  the  nitra- 
tion system,  it  would  have  been  immediately  perceived  by  the  operator, 
and  corrective  actions  initiated.  Finally,  two  NG  weigh  operators  had 
passed  through  the  Nitrating  House  only  minutes  before  the  incident, 
and  they  stated  that  nothing  abnormal  was  observed. 

Nitration  was  stopped  at  0530,  and  the  incident  occurred  at  0605. 
According  to  this  timetable,  the  operator  in  the  storehouse  would  normally 
have  been  involved  with  sampling  or  skimming  the  NG  storage  tank  or  other- 
wise manipulating  an  NG  specimen  (Figure  10).  This  was  the  only  area 
where  such  a situation  prevailed.  The  second  and  most  convincing  factor 
that  influenced  the  conclusion  that  the  storehouse  was  the  most  probable 
initiation  site  was  the  testimony  of  an  eye  witness.  This  witness  was 
standing  approximately  50  feet  from  the  Nitrating  House  with  an  unobstructed 
view  of  the  wooden  trough  containing  the  NG  Conduit  between  the  Storehouse 
and  the  Nitrating  House.  This  witness  testified  to  seeing  a streak 
of  lightning  5 to  10  feet  high  along  the  top  of  the  NG  Conduit  come  up 
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from  the  Storehouse  to  the  Nitrating  House.  The  expected  detonation 
velocity  of  unconfined  liquid  NG  is  1,000  - 2,000  meters  per  second, 
and  the  Board,  therefore,  estimated  that  the  time  of  propagation  between 
the  Storehouse  and  the  Nitrating  House  was  in  the  range  of  about  0.1  second. 
Based  on  known  human  comprehension  capabilities  and  given  the  time  of 
propagation,  the  Board  concluded  that  a witness'  ability  to  determine 
direction  of  travel  was  credible  and  in  fact  predictable. 

With  the  conclusion  that  the  incident  originated  at  the  Storehouse, 
the  search  for  cause  was  narrowed  to  operations  and  potential  initiation 
stimuli  within  the  Storehouse.  The  Board  viewed  these  initiation  stimuli 
as  separable  into  three  main  categories;  Acts  of  God,  human  factors,  or 
equipment  failure  (Figure  11). 

Figure  12  shows  possible  initiation  stimuli  consider  d by  the  Board 
to  be  in  the  raalm  of  Acts  of  God.  Weather  conditions  at  the  time  of 
the  incident  were  as  follows:  Temperature  42*  Fahreheit,  sky  was  cloudy, 
and  there  was  no  precipitation.  The  exact  wind  speed  at  the  time  of  the 
incident  is  unknown,  but  testimony  of  personnel  in  the  area  indicates 
the  wind  speed  was  not  excessive.  The  second  possibility  considered  was 
that  the  Storehouse  Operator  suffered  a blackout,  convulsion,  or  heait 
attack  that  resulted  in  an  error  that  initiated  the  incident.  An  inter- 
view with  the  Radford  Medical  Director  confirmed  thit  the  Storehouse 
Operator  was  in  good  physical  condition,  and  these  possibilities  were 
very  unlikely.  Sabotage,  while  perhaps  is  more  appropriately  classified 
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as  the  opposite  of  an  Act  of  God  was  also  considered  and  dismissed.  All 
of  the  personnel  in  the  area  were  experienced,  reliable  employees,  and  no 
unauthorized  personnel  were  seen  in  the  area  prior  to  the  explosion. 

The  second  category  of  initiation  stimuli  considered  was  human 
factors.  The  possibilities  considered  are  shown  on  Figure  13.  Normal 
operations  called  for  the  transfer  of  NG  from  the  outside  catch  tank  to 
the  inside  catch  tank  using  a bucket.  According  to  testimony,  this 
operation  had  been  completed  by  another  operator  shortly  before  the 
incident,  and  therefore,  the  bucket  would  not  have  been  in  use  at  the 
time  of  the  incident.  The  remaining  three  possibilities  all  involve 
an  error  at  some  point  in  the  NG  sampling  operation. 

Figure  14  is  a floor  plan  of  the  NG  Storehouse.  The  NG  sampling 
operation  involved  using  a rubber  dipper  to  take  a sample  from  tank  *1 
which  was  being  filled,  walking  with  the  dipper  in  hand  over  the  skimmer 
and  drain  hoses  and  down  the  stairs  to  the  inside  catch  tank,  and  pouring 
the  sample  from  the  dipper  into  a rubber  sample  bottle  over  the  inside 
catch  tank.  The  following  photographs  illustrate  some  of  the  potential 
for  error  that  were  a part  of  this  operation. 

Figure  15  shows  the  operator  in  position  to  reach  down  into  the 
storage  tank  and  take  a sample  of  NG.  Although  not  shown  here,  it  should 
be  noted  that  the  operator  is  standing  on  a two-step  bench  which  he  must 
step  down  from  to  the  floor  alter  the  NG  sanple  is  taken. 
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Figi  re  16  shows  the  hoses  that  would  have  been  in  the  operator's  path 
of  travel.  Consider  that  the  operator  had  to  step  over  these  hoses  while 
holding  a dipper  of  NG  and  a sponge. 

Figure  17  shows  the  operator  descending  the  stairs  to  the  floor 
level  on  .which  the  inside  catch  tank  was  located. 

Figure  18  shows  the  operator  filling  the  rubber  sample  bottle  from 
the  dipper  over  the  inside  catch  tank.  These  pictures  illustrate  that 
the  potential  for  a slip,  trip,  or  fall  were  very  real  during  this  sam- 
pling operation.  This  potential  becomes  even  more  significant  based  on 
the  fact  that  tank  #1  would  have  been  filled  to  the  point  where  the 
operator  could  have  been  expected  to  be  sampling  at  die  time  of  the 
incident.  Under  the  assumption  that  for  whatever  reason  the  operator 
cither  dropped  or  threw  the  sample  dipper,  a series  of  tests  and  analyses 
were  conducted. 

The  analysis  performed  considered  the  initiation  possibilities 
shown  on  Figure  19.  The  sample  dipper  could  have  been  accidently  dropped, 
swung  laterally  against  a solid  object  such  as  the  storage  tank,  or 
thrown  upward  or  forward  as  might  occur  if  the  operator  tripped  and 
was  about  to  fall.  In  addition,  the  *ree-fall  drop  height  necessary  to 
initiate  an  NG  sample  in  the  rubber  sample  bottle  was  determined.  The 
tests  performed  duplicated  as  nearly  as  possible  the  actual  conditions 
in  the  Storehouse. 
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Of  the  scenarios  tested  and  analyzed,  only  the  one  shown  on  Figure  20 
was  assessed  to  produce  sufficient  impact  energy  to  be  capable  of  initiating 
100  percent  NG.  Several  conditions  must  be  satisfied  for  this  event  to 
occur.  First,  the  operator  had  to  have  been  at  the  sampling  station  next 
to  the  storage  tank  on  the  two-step  bench.  Second,  the  dipper  would  have 
had  to  have  been  tossed  2.6  feet  upward  to  attain  minimum  required  free- 
fall  of  5.6  feet.  Third,  the  dipper  had  to  have  struck  the  edge  of  the 
stainless  steel  catch  tank  because  the  other  lead  and  wood  surfaces 
available  do  not  deliver  enough  energy  to  the  sample  to  exceed  the 
threshold  initiation  level  for  NG.  It  is  further  pointed  out  that 
initiation  of  the  NG  sample  in  the  vicinity  of  the  catch  tank  does  not 
automatically  infer  that  sufficient  shock  energy  would  occur  to  sym- 
pathetically detonate  the  NG  storage  tanks.  The  initiation  could  have 
propagated  to  NG  in  the  catch  tank  or  along  a thin  film  of  NG  in  the 
rubber  transfer  hoses.  There  should  not  have  been  a significant  quan- 
tity of  NG  in  the  catch  tank  at  the  time  of  the  incident  since  the  catch 
tank  had  been  emptied  approximately  50  minutes  before  the  incident.  Tha 
further  the  point  of  initiation  from  any  NG  in  the  catch  tank  or  the 
transfer  hoses,  the  less  likely  manual  operation  with  the  dipper  was 
involved  in  the  incident.  Nevertheless,  the  Board  concluded  that  manual 
operation  with  the  dipper  was  a possible  cause  of  the  incident. 

The  third  category  of  initiation  stimuli  considered  by  the  Board 
was  equipment  failure  (Figure  21).  It  was  considered  possible  that 
the  drop  plug  cam  or  the  wooden  cam  race  pin  could  have  cracked  or 
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separated  and  resulted  in  the  unseating  of  the  rubber  drop  plug  by  the 
agitated  contents  of  the  storage  tank.  This  unseating  of  the  drop  plug 
would  result  in  a very  rapid  flow  of  NG  into  the  catch  tank  that  would 
be  immediately  evident  to  the  storehouse  operator.  The  operator’s  first 
action  would  probably  be  to  attempt  to  reseat  the  drop  plug.  There  is 
one  incident  on  record  where  the  impact  of  a rubber  drop  plug  on  a stain- 
less steel  seat  resulted  in  initiation  cf  h'G  after  645,000  trials  with 
the  same  drop  plug.  The  exact  cause  of  this  incident  was  not  determined 
but  possibilities  listed  included  impact,  deterioration  of  the  drop 
plug  with  resultant  chance  of  hot  spots  or  entrapped  air  bubbles,  and 
contamination.  After  this  incident,  drop  plugs  were  changed  whenever 
they  showed  signs  of  wear,  and  1,012,000  subsequent  trials  were  conducted 
without  incident.  According  to  testimony,  the  rubber  drop  plug  and  the 
cam  race  pins  had  been  changed  on  the  tank  being  filled  the  day  before 
the  incident.  Based  on  this  new  drop  plug  and  the  previously  recorded 
1,000,000  trials  without  incident,  the  Board  concluded  th3t  initiation 
while  attempting  to  reseat  the  drop  plug  was  extremely  unlikely.  The 
second  possibility  considered  was  failure  of  the  grounding  system  with 
resultant  electrostatic  initiation  of  NG.  NG  has  a high  threshold  for 
electrostatic  initiation.  The  NC  storage  tanks  were  grounded,  and  a 
buildup  of  electrostatic  *l;arge  in  flowing  NG  has  not  been  detectable. 

A thorough  annual  inspection  had  been  performed  on  this  storehouse  about 
3 months  prior  to  the  incident,  and  the  inspection  report  indicated  that 
all  grounding  systems  were  acceptable  The  latest  safety  inspection 
reports  did  not  reveal  any  deficiencies  associated  with  the  grounding 
system.  Based  on  these  factors,  the  Board  concluded  that  electrostatic 
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initiation  was  very  improbable.  The  third  equipment  failure  possibility 
considered  was  the  NG  jet  used  to  transfer  NG  from  the  inside  catch 
tank  back  to  the  storage  tank. 

Early  in  the  investigation,  the  Board  did  not  focus  attention  on 
the  NG  jets  primarily  because  at  the  time  of  the  incident,  the  jet  would 
normally  not  have  been  in  operation  (Figure  22).  The  jets  were  of 
interest,  however,  in  that  an  internationally  recognized  expert  on  NG 
operations  testified  that  the  jets  in  use  at  Radford  could  cause  initia- 
tion of  NG.  In  fact,  a study  of  major  explosions  during  the  transport 
or  storage  of  NG  from  1950  to  1975  done  by  this  expert  identified  five 
cases  where  the  jet  transfer  system  was  identified  as  the  most  probable 
cause.  The  mode  of  initiation  is  thought  to  be  the  adiabatic  compression 
of  air  bubbles  producing  sufficient  heat  to  initiate  NG.  As  the  inves- 
tigation continued,  evidence  was  gathered  which  indicated  that  the  inside 
catch  tank  may  have  had  an  abnormally  large  quantity  of  NG  in  it  at  the 
time  of  incident.  If  this  were  the  case,  the  operator  could  have  been 
in  the  process  of  jetting  this  NG  from  the  catch  tank  back  to  the 
storage  tank. 

Under  normal  circumstances,  the  inside  catch  tank  should  have  con- 
tained not  more  than  400  grams  of  NG  at  the  time  of  the  incident. 

Figure  23  shows  fragments  of  the  inside  catch  tank  which  were  found  as 
far  as  several  hundred  feet  from  the  crater.  Also,  one  of  the  fragments 
shows  possible  signs  of  having  been  in  contact  with  detonating  NG.  This 
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indication  along  with  the  degree  of  destruction  of  the  catch  tank  led 
the  Board  to  conclude  that  the  catch  tank  probably  contained  an  abnormally 
largo  amount  of  NC>  at  the  time  of  the  incident. 

Figure  24  shows  fragments  of  operating  equipment  found  in  and  around 
the  crater.  The  hose  at  the  top  of  the  picture  is  particularly  signifi- 
cant. This  hose  was  confirmed  to  be  the  hose  on  the  output  side  of  the 
NG  jet  in  the  storehouse.  This  hose  shows  clear  evidence  of  having  con- 
tained a detonation  of  some  quantity  of  NG.  Normal  operation  of  the  NG 
jets  called  for  flushing  this  line  of  NG  after  use;  and  unless  the  jet 
were  in  operation  at  the  time  of  the  NG  incident,  this  hose  should  not 
have  contained  any  NG. 

Figure  25  shows  an  unused  jet  with  the  jet  lecovered  after  the 
incident.  The  jet  assembly  involved  in  the  incident  was  found  approxi- 
mately 1,600  feet  from  the  crater.  The  machined  stainless  steel  jet 
shows  clear  evidence  of  having  sustained  an  internal  stress  such  as 
would  result  from  the  detonation  of  NG  in  the  assembly.  The  body,  NG 
pick-up  arm,  and  the  discharge  arm  were  expanded  by  comparison  with  an 
unused  jet.  The  presence  of  NG  in  the  jet  assembly  should  only  be 
possible  if  the  jet  were  in  operation  at  the  time  of  the  incident.  The 
Board  considered  it  unlikely  that  the  observed  expansion  of  the  jet 
could  have  resulted  from  an  explosion  external  to  the  jet  since  in  that 
case,  the  jet  assembly  would  probably  have  been  slightly  crushed  or 
flattened.  From  the  evidence  of  NG  in  the  jetting  hose  and  tho  evidence 
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of  NG  in  the  jet  assembly  itself,  the  Board  concluded  that  initiation  in 
the  NG  jet  system  was  a possible  cause  of  the  incident. 

The  bottom  line  of  an  explosion  investigation  is  to  identify  the 
most  probable  cause  (Figure  26).  As  everyone  in  the  explosives  business 
knows  this  task  is  never  easy,  and  in  some  cases  is  even  impossible. 
However,  after  what  I can  assure  you  was  a long,  arduous,  and  sometimes 
heated  debate,  this  Board  of  Investigation  concluded  that  the  most 
probable  cause  of  the  NG  explosion  at  Radford  on  6 January  1978  was 
initiation  of  NG  in  the  jet  system  used  to  transfer  NG  from  the  inside 
catch  tank  to  the  storage  tank.  Use  of  the  NG  jets  at  Radford  was 
stopped  on  9 January  1978.  A study  is  currently  underway  to  identify 
a safer  jet  system.  Gentlemen,  that  completes  my  presentation.  Are 
there  any  questions? 
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FIG.  10 


FIG.  12 


INITIATION  POSSIBILITIES  ANALYZED 


FIG.  20 


FIG. 


OF  NO  AGAINST  METAL. 
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THE  ACCIDENT  WHICH  OCCURRED  AT 


THE  PONT-DE-BUIS  GUN-POWDER  FACTORY 
ON  7TH  AUGUST  1975 
Mr.  Jean  Quinchon 

Societe  Nationale  Des  Poudres  Et  Explosifs 
Paris,  France 


The  Pont-de-Buis  National  Gun-Powder  Factory  in  the  department  of 
Finistere  was  built  in  the  reign  of  LOUIS  XIV  to  supply  the  Brest 
naval  dock-yards  with  gun-powder.  From  the  end  of  the  XIXth  century 
onwards  it  was  one  of  the  establishments  belonging  to  the  French  Govern- 
ment specialized  in  the  manufacture  of  single-base  powders  and  as 
a result  of  this  connection  it  experienced  intense  activity  at  the 
time  of  the  two  World  Wars.  When  it  was  incorporated  into  the 
Societe  Nationale  des  Poudres  et  Explosifs  (National  Propellants  and 
Explosives  Company)  by  the  State  in  1973,  it  was  mainly  producing  sin- 
gle-base powders  for  ammunition  for  light  and  medium  calibre  arms 
and  hunting  rifle  cartridges. 


0 


O 


o 


On  Thursday  7th  August  1975,  around  1.17  p.m.,  a series  of  explosions 
occurred  i*.  this  powder-factory  : unfortunately  3 workers  were  killed 
and  64  injured.  The  works  were  partially  destroyed. 
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Quite  by  chance,  these  explosions  were  recorded,  thereby  making  it 
possible,  afterwards,  to  reconstruct,  to  a certain  extent,  the  likely 
sequence  of  events.  A film  was  made  six  months  after  the  explosion 
retracing  the  events  leading  up  to  the  accident.  It  relied  on  this 
recording  and  on  the  various  photos  taken  immediately  after  the 
accident. 


(presentation  of  the  film) 

The  exact  causes  of  the  accident  have  not  yet  been  established. 

It  is  possible,  however,  to  point  out  certain  lessons  we  can  learn 
from  a complete  study  of  the  circumstances  and  consequences  of  this 
accident . 

We  will  not  dwell  on  the  financial  consequences  of  this  accident  for 
S N P E : setting  right  the  damage,  rebuilding  the  factory  over 

a larger  area  and  restoring  output  to  its  previous  level,  using 
modified  processes,  will  have  <~ost  in  all  about  120  million  francs 
(i.e.  approximately  25  million  dollars),  only  a small  proportion 
of  vhich  was  covered  by  insurance.  This  clearly  confirms,  solely 
from  the  economic  standpoint,  the  extremely  grave  consequences  of 
such  an  accident  in  an  industry  like  ours  and  the  need  for  ever- 
tighter  safety  measures. 

The  main  lesson  is  that  some  single-base  powders  can  explode  by 
transition  from  combustion  to  detonation.  It  has  long  been 
known  that  powders  can  explode  when  subjected  to  sufficient  priming, 
or  to  hot  metal  fragments  at  high  speed.  The  Pont-de-Buis  accident 
demonstrated  that  combustion,  even  in  single-base  powders, can 
degenerate  into  detonation  once  a certain  critical  confinement  occurs. 
We  have  performed  many  tests  ranging  from  the  steel  tube,  several 
centimeters  in  diameter,  up  to  hoppers  or  containers  with  several 
tons  of  single  - or  double-base  powders.  Processing  these  tests 
is  a painstaking  task  which  has  not  yet  been  completed.  We  can, 
however,  now  assert,  that  for  each  powder,  there  is,  under  defined 
operating  conditions,  a critical  detonation  height  which  must  not 
be  exceeded  without  accepting  the  risk.  This  critical  height  varies 
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- firstly  according  to  the  nature  of  the  powder  i.e.  its  speed 
of  combustion  (but  it  also  varies  according  to  the  degree  of 
humidity  and, to  a lesser  extent,  the  temperature) 

- and  secondly,  with  the  type  of  confinement,  i.e.  the  container's 
diameter,  its  shape  and  the  mechanical  resistance  of  the  casing. 

CHART  1 

We  thus  strive,  in  every  concrete  case  where  our  powders  are  manu- 
factured or  used,  to  determine  the  "critical  confinement". 

The  second  lesson  is  that  from  the  damage  noted  at  the  time  of 
these  explosions,  it  has  been  possible  to  check  out  the  validity 
of  the  information  available  on  the  material  consequences  of  a 
detonation,  providing  it  be  considered  that  the  detonation  of 
1 ton-  of  single-base  powder  is  equivalent  in  effect  to  that  of 
approximately  0.6  ton  of  trinitrotoluene  (TNT)  : the  damage 
caused  at  Pont-de-Buis  by  the  initial  explosion  of  12  tons  of 
single-base  powder  is,  in  actual  fact,  about  the  same  as  the  damage 
which  would  have  been  caused  by  the  explosion  of  7 tons  of  T N T. 

CHART  2 

Until  the  Pont-de-Buis  accident,  the  only  risk  taken  into  account 
in  France  in  the  manufacture  of  single-base  powders  was  that  of 
deflagration  ; it  had  been  measured  that  under  these  conditions 
the  explosion  of  one  ton  of  powder  had  effects  equivalent  to  the 
detonation  of  4 kg  of  T N T.  It  is  confirmed  here  that  the  effects 
of  a powder  detonation  are  on  a scale  which  is  quite  different  from 
those  of  a deflagration. 

The  third  lesson  is  that  it  does  appear  possible  to  shield  oneself 
against  the  effects  of  a detonation,  at  least  if  one  is  at  a sufficient 
distance  from  the  heart  of  the  explosion. 
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As  the  film  shows,  concrete  of  an  adequate  thickness,  suitably  re- 
inforced by  a specially  designed  metal  frame,  provides  very  good 
protection.  On  the  other  hand,  old  buildings  (more  than  50  years 
old),  which  were  constructed  of  lower  quality  concrete  over  too  large 
areas,  had  difficulty  in  resisting  the  shock-wave  effects  and  collapsed. 

CHART  3 

Furthermore,  the  effects  of  the  explosion  of  the  dryers  show  that, 
before  being  destroyed,  the  walls  of  the  dryers  were  able  to  deflect 
the  effects  of  the  detonation  in  preferential  directions. 

When  it  is  not  possible  to  guarantee  the  absence  of  detonation, 
appropriate  safety-measures  (distance,  protection,  barricades,  etc...) 
are  now  taken. 

O 

o o 

More  and  more  often,  however,  we  try  to  work  in  "intrinsic"  safety, 
i.e.  we  try  to  make  sure  that  we  can  avoid  the  risk  of  detonation 
through  detailed  knowledge  of  the  pyrotechnical  behaviour  of  the 
products  manufactured,  at  every  stage  of  their  production  and  through 
an  exhaustive  study  of  the  safety  of  the  process. 

A major  research  effort  is  required  to  reach  this  ambitious  goal, 
including  life-size  explosion  tests  in  a suitable  setting.  Every 
year  we  set  aside  a large  amount  of  our  budget  for  di  is  purpose. 


Dr  Jean  QUINCHON 
Directeur  Sdcurite  Environnement 
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Pierre  FONTAINE 

Chef  du  Service  Technique 

Security  Environnement. 


EXPLOSIVE  INCIDENT  DURING  DEMOLITION  GROUND  OPERATIONS 


Mr.  Melvin  R.  Bailey 
DARCOM  Field  Safety  Activity 
Charlestown,  Indiana 


Members  and  guests  of  the  DoD  Explosives  Safety  Board.  It  is  a 
pleasure  to  address  you  today.  The  purpose  of  this  discussion  is  to 
present  a brief  review  of  an  accidental  explosion  involving  M55  stab 
detonators  at  a demolition  ground. 

At  approximately  1100  hours  on  24  March  1977,  an  explosion  occurred 
in  the  demolition  area  at  one  of  the  DARCOM  depots.  Approximately 
one  week  prior  to  the  incident,  the  Army  depot  received  a letter  from 
a POPO  plant  indicating  that  31,  975  reject  slider  assemblies  containing 
M55  detonators  and  loaded  in  aluminum  tubes  were  being  sent  to  the  depot 
for  demilitarization  in  accordance  with  Section  J of  Contract  DAAA-0976- 
C-0089.  The  slider  is  a component  of  the  M223  fuze  which  is  used  on 
M42  and  M46  grenades  that  are  the  submunitions  for  the  M483,  155MM 
projectile. 

The  detonators  are  received  in  nonpropagating  packs  from  an  Army  am- 
munition plant  and  staked  in  the  slider.  After  this  operation  the  sliders 
are  loaded  into  the  aluminum  tubes  which  are  a rectangular  cross  sec- 
tion inch  wide  by  l|  inches  high  and  40  inches  long).  The  loaded 
tubes  are  then  transferred  to  another  part  of  the  process  where  they 
are  used  as  slider  assembly  dispensers  during  fuze  assembly  manu- 
facture (see  Figure  1).  The  tubes  containing  slider  assemblies  re- 
ceived for  demil  were  from  various  lot . and  had  been  rejected  for  a 
number  of  reasons,  the  most  prevalent  of  which  involved  an  unsatis- 
factory stake.  The  means  by  which  the  ends  of  the  tubes  were  closed 
varied.  A typical  means  employed  masking  tape  on  one  end  and  an 
ordinary  spring- type  paper  clip  (l|  inches  in  width)  on  the  other  end. 

The  clip  was  located  in  such  a fashion  as  to  allow  the  detonator  end  of 
the  slider  to  protrude  beyond  the  end  of  the  tube. 

The  dispensers  were  transported  by  POV,  a carryall- type  van,  to  the 
depot.  Apparently  the  tubes  were  lying  about  loosely  in  the  cargo  com- 
partment (see  Figure  2).  Personnel  at  the  gate  noted  that  the  vehicle 
had  neither  explosives  placards  nor  fire  extinguisher  and  refused  entry 
until  this  could  be  corrected.  The  material  was  then  transported  to  a 
building  which  is  used  for  storage  of  material  received  from  posts, 
camps,  and  stations.  The  tubes  were  then  moved  to  the  Demolition 
Ground  along  with  a work  order  for  their  disposal  provided  by  Mainte- 
nance Planning. 


Lacking  a specific  procedure  other  than  the  general  demolition  SOP 
which  does  not  discuss  destruction  of  this  item,  it  was  decided  by  the 
demolition  foreman  to  remove  the  clip  and  dump  the  slider  into  an 
empty  wooden  ammunition  box.  Once  the  box  became  full,  it  was  to 
be  removed  from  the  vicinity  of  a holding  barricade  and  taken  to  a pit 
where  it  would  be  detonated. 

Four  men  were  assigned  to  the  job,  two  of  them  were  to  hand  the  tubes 
to  the  other  two  who  were  to  then  remove  the  clip  and  dump  the  items 
into  the  box. 

The  operation  had  proceeded  for  some  time  (estimates  of  the  number 
of  sliders  in  the  wooden  box  ranged  from  2, 000  to  20, 000)  when  one  of 
the  men  indicated  that  as  he  removed  a clip  from  a tube,  a detonation 
occurred.  This  individual  and  the  man  next  to  him  received  ruptured 
eardrums,  burns  over  a large  portion  of  their  bodies,  and  eye  damage. 
Both  required  eye  surgery  and  were  listed  in  serious  condition.  The 
injuries  received  by  the  other  two  men  involved  primarily  eardrum 
rupture  (see  Figures  3 and  4). 

Subsequent  review  at  the  site  of  the  explosion  revealed  that  clip  removal 
was  taking  place  approximately  50  feet  from  an  explosive  building  which 
contained  108,  3. 5-inch  HE  loaded  warheads  locked  in  a MILVAN  and 
awaiting  destruction.  Slider  assemblies  were  thrown  an  estimated  100 
yards  in  all  directions  from  the  scene  of  the  explosion.  Bits  of  clothing 
and  the  remains  of  exploded  slider  assemblies  were  noted  in  the  area. 

In  addition,  even  though  EOD  personnel  had  reportedly  cleared  the  area 
of  all  live  items,  several  undetonated  sliders  and  at  least  one  loaded 
tube  were  noted. 

CAUSES: 

Direct  Cause:  Unknown 

Possible  Causes:  The  initial  explosion  could  have  occurred  while 
removing  a metal  paper  clip  from  the  end  of  an  aluminum  tube  when  a 
detonator  in  a slide  assembly  was  protruding  from  the  end  of  the  tube. 

The  explosion  could  have  occurred  when  the  slides  and  detonators 
were  being  placed  into  the  box  with  the  other  detonators. 

The  e: plosion  could  have  been  caused  by  rough  handling  of  the  detonators. 
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REMARKS: 


The  aluminum  tubes  were  not  considered  to  be  a non- propagating 
package  for  storage,  transportation  or  handling  purposes.  The  slide 
assembly  with  M55  detonator  could  be  exposed  past  the  end  of  the  tube 
if  the  spring  paper  clip  was  not  properly  placed. 

The  slide  assemblies,  with  the  M55  detonator  installed,  were  received 
from  a privately  owned,  privately  operated  contractor  activity  that  had 
requested  the  installation  to  destroy  the  detonatois  and  salvage  the 
aluminum  tubes.  The  slide  assemblies  had  failed  to  meet  quality  re- 
quirements and  had  been  rejected  for  various  reasons. 

Investigation  revealed  that  none  of  the  personnel  performing  the  de- 
struction operation  were  familiar  with  the  characteristics  of  the  explo- 
sives involved. 

RECOMMENDATIONS: 

Items,  or  components  of  munitions  containing  explosives,  should  be 
carefully  researched  as  to  explosives  characteristics  prior  to  deter- 
mining the  disposal  method.  Disposal  methods  for  the  specific  item  or 
component  should  be  incorporated  into  a Standing  Operating  Procedure 
that  is  sufficiently  comprehensive  to  preclude  unsafe  handling  or  dis- 
posal procedures.  (Reference  paragraph  16-25,  AMOR  385-100) 

Personnel  employed  at  the  destruction  area  must  be  thoroughly  trained 
regarding  the  nature  of  the  materials  handled,  the  hazard  involved,  and 
the  precautions  necessary.  (Reference  paragraph  27- 13b,  AMCR  385-100) 

Incoming  motor  vehicles  loaded  with  explosives,  ammunition  or  other 
hazardous  materials  should  be  carefully  inspected  in  accordance  with 
AR  55-355,  using  DD  Form  626,  and  positive  action  taken  fur  unsatis- 
factory or  unsafe  shipments.  (Reference  parr  raph  22-10,  AMCR  385- 
100) 

Review  abstract  report  number  ES-42,  which  refers  to  destruction  of 
explosive  items  unfamiliar  to  the  demolition  crew. 


Simplified  Approach  for.  Design  of  Buildings 
Containing  Accidental  Explosions 


By  Washington  T.  Char 

US  Army  Corps  of  Engineers 
Huntsville  Division 

In  design  of  buildings,  the  designer  is  concerned  with  numerous 
building  loads.  Primary  loads  are  live  loads  from  people,  vehicles, 
equipment  and  other  movable  objects.  Earthquakes,  wind  and  snow 
provide  other  sources  of  building  loads  let  alone  the  building  dead 
weight.  In  accidental  chemical  explosions,  we  encounter  three  effects: 
fireball,  fragments,  and  alrblast.  Airblast  phenomenology  is  the  more 
complex  and  unique  of  these  effects  and  is  addressed  in  our  designs. 

Three  common  forms  of  protection  are  barricades,  containment 
structures,  and  shelters.  The  primary  purpose  of  barricades  is  to 
provide  protection  against  fragments.  Barricades  offer  some  reduction 
of  pressure,  therefore  separation,  but  this  amount  is  not  significant. 
Fig  2 (a)  and  (b)  show  differences  in  distance.  Containment  structures 
and  shelters  offer  the  greatest  reduction  in  pressure  and  accordingly 
separation.  Fig  2(c)  shows  no  significant  separation  when  explosions 
are  fully  or  partially  contained. 

Present  building  separation  criteria  provide  specific  distance 
between  source  of  explosion  and  building.  However,  when  a barricade  is 
included,  this  distance  may  be  reduced  by  half.  See  Fig  3(a)  and  (b). 

The  advantage  of  hardened  buildings  is  savings  in  real  estate  and 
facility  costs.  The  disadvantage  is  the  additional  building  cost  for 
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hardening.  Although  the  advantages  and  disadvantages  are  worthy  of 
mention,  the  main  purpose  of  this  paper  Is  to  demonstrate  that  buildings 
can  be  designed  with  reasonable  simplicity  to  contain  explosions. 

Before  proceeding,  we  should  examine  the  technical  factors  that  must  be 
considered  In  the  design. 

One  factor  is  the  jump  associated  with  flexible  expanding  object 
resting  on  ground.  As  a box  shaped  object  with  relatively  thin  walls 
rapidly  expands  from  an  Internal  explosion,  it  will  distend  approaching 
a sphere.  In  the  process.  It  reacts  against  the  ground  and  lifts 
Itself  upwards  or  jumps  off  the  ground.  See  Fig  4(a).  To  minimize 
the  jump,  the  base  Is  stiffened.  Fig  4(b)  shows  the  thickened  base. 

To  prevent  vertical  movement,  in  addition  to  stiffening  the  floor,  the 
charge  should  be  located  nearer  the  floor  than  to  the  roof  and  footings 
should  be  burled  deeper  as  Illustrated  In  Fig  5(a).  A more  viable 
solution  la  to  provide  a small  space  or  egg  crate-llke  material  between 
the  floor  and  ground.  Fig  5(b)  shows  a reasonable  space  below  the 
floor.  The  space  should  be  adequate  not  to  allow  the  floor  to  react 
against  the  ground  during  the  explosion. 

When  designing  the  'building  footings,  we  need  to  know  the  footing 
loads  resulting  from  the  explosion.  In  most  situation?,  the  explosives 
will  be  located  close  to  the  floor  resulting  in  a net  downward  force. 

Fig  6(a).  The  pressure  time  history  of  this  net  force  is  shown  in 
Fig  6(b).  Although  the  spring  constant  as  shown  in  the  model.  Fig  6(c), 
Includes  the  foundation  wall,  Kp  for  the  foundation  wall  should  be 
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ignored  since  the  subgrade  reaction  of  the  soil  is  invariably  signifi- 
cantly larger.  Knowing  the  pressure  time  history  and  the  subgrade 
reaction  of  the  soil,  the  footing  loads  can  be  calculated  by  a common 
formula  which  we  will  see  later. 

In  the  same  manner  as  before,  because  the  charge  is  closer  to  the 
right  wall,  the  net  force  will  be  to  the  right.  This  will  cause  over- 
turning which  will  additionally  load  the  right  wall  footings.  The 
rationale  for  the  net  pressure  time  history -and  spring  constants  are 
shown  in  Fig  7 (a) , (b) , and  (c) . 

The  walls,  roof,  and  floor  of  a structure  may  be  modeled  as  a 
rectangular  slab.  Fig  8(a).  However,  if  the  structure  is  long  relative 
to  its  width  or  height,  it  may  be  modeled  as  a one  foot  strip  rectangular 
frame  or  a fixed  end  beam.  Fig  8(b).  Larger  buildings  should  be  framed 
and  modeled  as  shown  in  Fig  9. 

Knowing  the  factors  that  go  into  the  design  of  a building  subjected 
to  internal  explosions,  the  designer  should  examine  the  types  of  blast 
loads.  Blast  loads  are  of  two  types:  pressure  and  impulse.  Fig  10(a) 
shows  close-in  external  line-of-sight  blast  to  the  walls  designated 
by  (1).  These  are  impulsive  loads.  The  load  to  the  far  wall  designated 
by  (2)  is  an  incident  pressure.  Fig  10(b)  shows  an  internal  explosion. 
The  load  on  the  inside  wall  is  a combination  of  a reflected  impulse  and 
incident  pressure.  This  incident  pressure  is  long  time  pressure,  which 
is  often  referred  to  as  a quasi  static  pressure  as  opposed  to  a 
static  pressure  which  does  not  decay.  Buildings  containing  internal 
explosions  see  this  type  of  loading. 
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Associated  with  every  loading  function  is  a resistive  function.  The 
resistive  function  for  most  ductile  materials  can  be  depicted  in  the 
elastic,  plastic  and  strain  hardened  ranges  in  a stress-strain  relation- 
ship. A typical  stress-strain  diagram  is  shown  in  Fig  11(a).  Since 
our  designs  are  allowed  to  go  plastic,  we  are  only  interested  in  the 
first  two  ranges:  elastic  and  plastic.  Fig  13(b)  shows  an  idealization 
of  the  elastic-plastic  bilinear  resistive  function. 

There  is  a well  defined  relationship  between  the  work  done  by 
external  loads  and  the  energy  absorbed  by  structures.  The  relationship 
is  expressed  in  an  equation  composed  of  the  basic  parameters  from  the 
loading  and  resisting  functions  as  shown  below  and  depicted  in  Fig  12. 


This  formula  can  be  further  sispllfied  when  the  second  pul.ne  is  static 
(no  decay  in  pressure).  See  Figure  13. 


Obviously,  because  the  pressure  remains,  the  loading  is  more  severe. 
Accordingly,  a more  conservative  design  results.  This  approach  is  more 
desirable  and  recommended,  considering  the  inherent  variance  in  design 
assumption  and  construction  quality  and  workmanship. 
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Where  openings  in  Walls  occur,  the  appropriate  design  procedure  is 
the  yield  line  method.  Fig  14  suggests  that  yield  lines  occur  from 
comers  of  the  wall  to  comers  of  the  door.  This  is  invariably  the 
situation  and  the  designer  should  include  this  in  his  first  trial.. 
Openings  less  than  five  percent  of  the  gross  area  of  the  slab  may  be 
ignored;  however,  the  rebars  which  would  have  gone  through  the  openings 
should  be  located  at  the  sides  of  the  openings.  As  would  be  expected 
openings  should  not  be  located  in  the  highly  stressed  areas. 

In  the  ippendix  is  an  example  problem  that  illustrates  the  approach 
discussed.  The  purpose  of  this  example  is  to  show  the  unique  features 
of  the  design  and  does  not  include  methods  and  procedures  considered 
common  to  the  designer.  The  design  of  the  footings  and  design  of  the 
walls  with  openings  are  infrequent  encounters  and  are  illustrated. 


i 

i 


1109 


1000*  TNT 


l 

CSJ 


CONTAINMENT  (SUPPRESSIVE  SHIELDS) 
FIG.  2 (b) 


1112 


t 

V 


1 


I 

I 


BLDG  OF  SHORT  LENGTH 


r»- 


BLAST  PRFfisi  ipcq 


4! 


1121 


LOADING  FUNCTION 


GENERAL  FORMULA 

FIG.  12 


APPENDIX 


HURT 


COMKirfO  »T 


mti: 


COMBUTCO  IV  : 


chcckco  it: 


S Yl 


EfFecrtve  Bilmsaa  ResrsTAuce  Fuuctioh  , 

>£  - V + Yl(l~  Bq.S-So  TMS-I3oo 

y = 3 

- ^zlZJLl  + JL 

*7.  « I 

y * + (rm  ’ *t) 


*1 


Kl**f 


7 r-  -OiW  .01*  .11/ 

Yr  * ^P<L  **  I ~ ^ - +■  (6£4-24^  I 

£4  <0lZ((oS.4 ) Zol ((,$.+)  J 

£ = ±l76jrij^± L 

*4. 

6 s*.4  Wb.  _ 

Ke 3 v^T  * irm-J?  x = 347^4. 

* X?  Q./76  -^r 


NNO  FORM  29  1C  MAY  I9CC 


1129 


I 


MNP  FORM  il  IS  MAY  190 


f'HJiCT: 


COMPUTED  »T  . 


0*Tt 


entente  »r: 


lOATt: 


Allow oi>U  j*-~  15 
C,Pr  * 2 US 


t - O.IL 


msec. 


yt-  M*  47 


I- 


I £q.S-s+ts/sHi>&K 


V* 


l£ 


//4.8 


3 37.4 


0.947 


= / 


LZil 


r z 

Vj 

>7n 

2. 

'm  " 

8 7.9 /-m  - 

87.9  ±Y 

2 

II 

V.E 

?/.&  yore 

(Sohe  Ly  cjuaJrvh'o  ey.') 


■ Try  ?/.&  ^sc.  for  se feeding  J . 


HmO  FOHM  2t  16  MAY  1966 


1131 


IM4ICT : 


COMPUTtO  it : 


, CHCCKCO  it: 


2 w TRIAL  Section 
Try  rm*<U-Lp^ 

p * VA o x /44  «/iX24s  S,o6>fj  too  IL . 

-yn°  ■*  - 11  AW  i*4k/fo  • 

'ify  (oS.4 

d -'^PuMk  - /3'<*" 

I 42Z 

I - LL1L£L  ( 0.138)*  /73.c>  in- /h. 
a-  2 \ ' 

367  x 4.3  x /oSt  / 73. 6 - l4l!jaOO  <V/n 
£ (/2  x/6)2  r” 

M -*  /.g-flx  '<^2  */6  *24.  - /<?%0  tl-sec/n. 
t 3 2 Co 

7--  7 77*1 [£JM*J31  - O.OZS  StfC. 

r 7 43/^00 


£«  + 


2 IIS " \z  ££ 

'm  J +•  lCL» 
“7/4  / 0.^67 


jat.9 


?7.  ? - 


rwa-  *7.9  'Tn  ” 3/5*?  * ° 

r * 87.?  +jlnT*-4(-*is-t 

m z? 


s 71.4  re%^. 

9 l.(m  ptl  prt>viJ*4 


suajcct: 

commtco  «y : 

oatc: 

CHCCKte  tv: 

mti: 

Time  of  Maximum  Response . t 

— — — . — _ — 2. cn 

t = 3.  PJ-  ti  . £$.(£■ -si),  s/s  UDBK 

z(rm  -<&) 

t = 2//^-  (.000  it.)  m 0 0S6  S4C 

2 (%c.-as') 

spear  , V 

F - 85  X 144.  X /&  x 24  = 4,  7<?<2,  zoo  /& 

R^  = ?/.&  x /44  x /6  x 24  ~ SjOtoSj  loo  li. 

VA~-  O.OiF  +O.IZR" 

vb*o.,oF<-o.zirm 

V.  * O OG  1^700^.00)+ O.  lz(%oC,S,  toi)  - 83%  Soo  il. 
V ’ -0.10(4,  loo,  Zoo ) FO.Z  2(S;o6S,l3<i)  * /,  itf*,  3©o  /£ 


Tails  S-Sj  s/s  Hdbk 


HNO  FORM  26  16  MAY  1666 


mtjkt: 

computcd  at : 

oart: 

execute  ar: 

OATT. 

Ve#T  rebar 

/^«0.d/ x/£6  x/Z**  l.C3ott 
Space  *t  ■*  * / 2 • 7.36 v say  7 

/6r  reior  . 

/^/.43«$f-Z4T  a< 

s*^  $■'  , 


4. 

.V* 


l(a  Concrete  Pane/ 


#?  €/0*o.c. 
*ej®5\c.&.F. 

v 


«7#  7 o.c.e.F 

*1@7*o.c  e.W. 

Mt'ddUe  layer  £?r  axial 
load  onh/ 


SecrroN  A -A 


I 

I 


1 

4 


} 


I 

j 


j 


t 


COMPUTE 0 IT  : 


CHECKED  it: 


-C7/ON  _ 


Suni/ruar/oy?  oP  mo/nsnPs  aboui" 

!(°  MM  * l‘  %p  ~ rm  (,4j/2*L*0)s  a 
2457&r  = 3ZMU 


r = 0, 00/3  MUfr 

ff)  HE 


^fCT.'OA/  777 

S(//»/r)o//or>  a-p  mom^nrs  a Lour  ^VN 
2°MW  t/4Mv,  - - ?£  - O 

20  */4AV  - rmi,44X±*f^  Kf)[&*fg§S)j 

-?^44>-4)^-0 

f v 3 6 Mygj 

W (i*44?2  + r/S4) 

C - a Oooi  *7 

/n  Vffl* 


HNf  FORM  21  It  MAY  !•«• 


1137 


mjkt: 


COMftJTtO  IT: 


oat«: 


CMCCKCD  IT. 


OATt: 


When  re  bars  are  Me.  same  'm  all  directions } 

Ms  momenta  are  Me  tarns  ’m  all  directions, 

0 

Section  HI  ( o.oo o4  M Section  I (o.OOli) 

and  Section  H ( o.oo/3  j)  are  respectively 
weakest  to  strongest.  Accordingly  to  mates 
rm  Me  earns  -for  all  sections^  consistent  with 
Me  yie/d  line  theory , the  Mo! lowing  adjust - 
nnents  must  he  made. 

Determ/ns  vertica/  moment  required tr  Section  HL 
■Prom  rm  ■*  o.oooo  Mym  » o.  oo/l Mvz  * 0.00/3  MhU 


Obtain  0.001/ M « O.000C0  M 

VI  VJE 

/%*J2T  ™ ^VZ 


Determine 


horizontal  moment  an  Section?  H 
0.00 1!  Mvz  *0.00/3 

Mu  « O.  Q*K  Z M 
hk  V/ 


NNO  niM  N WMAYtM* 


IUIJICT 


COM«JTfO  IY 


CHCCxtO  (Y 


rind  value  eS  Mv,  'm  Sscnor,  I 

US£r^  ?0-'  ^ separzrrs  calc. 

tor  oT,isr  &,</  wo//j 

d ~ /3.Z  in* 

r * O.oon  Mvl 

M ■»  Ort  __  <=in  r» 

V/  5^77  - Hsr,  - SZpoo  ll-rV* 

or  82;0oo  }o-in./~„' 

F'tr,d  s'«s/  required  !n  See.-, 'an  r 

%m  (,-*£&&) 

Vc 

“ 3/-  **,  «*<**”  3’ 

•i 

^ - O.  + 0.00258 s 0 

<*  = 

z*  tzvf.s-asf.rn. 

Srac;„j  *J  = -fcU*  /2  w 7 i>  rn 

s»y  lu  oc. 


HHO  PO*M  2*1*33^55? 


S- j f 

t 


coh^tio  • y 


[CHCCKCO  |Y 


vsmsa 7/  s tea/  rs^rij  Seatt'an  ZT. 

Mvm  " '•«”  Afvr 

Mvs  - '-333(8 2,000)  = /J-o,  3 OO  m .lk./‘„ . 

/i('X'*-*T(H»»o)(i-  -2&M /5.JS 

v /,.;5  y 

l,Ui^o^  -3/S4-3  3o»  «s  , 

— 0.z4ps  + 0.004.7  - 0 

^ ^ -yi-U-~  4-(i'io,aa±-f\ 

& ' 9-24  \0-ZO  - o.ll  or  0£2 

^•a«2x/3.2x,2»3.;7 

Spoc/na  **J  - -LOO  Jr 

3./  7 ^ m 3.7?  //■),  5.5  ' 

f ^SSSXS  *^4  ^ + 

r") ^ ^‘or/2.0rjTLa/  r tsts/  ^ .>  / • - / . 

V v ^ ^ ^:r/d/7  ^ 

%#  * ®-  ^2  %, 

M»e  m <W6z(*t**S)»  e., >333 

S//Ke  < 31000 

s4,s/  os  3Zggg 


HNw  pviym  2|  i«  WAy"iTm 


COMMJTtD  IT 


OATt: 


Compute  Weight  of  slog. 


Oukuf*  .Widfb  ~ lo+z.c?  ■*  22.67 
Oursido  LenqUi  - 24  + 2.67  •*  26. 67 
OofsitU  bieiqkt  * /6+3 .oo  9 1^,00 

Vo/.  - (22. c,7  X Z(e.C>7  xtq.oo  - 20  x Z4  * /£)  * 3308  zu.fr. 

Wf.  * ISO  x 3306  » 57 1 poo  lb. 

■»  1,0 °°/3 a C>  * :^SO  lb-szz/in . 

y^r<fA  of  F+y.  Try  w*j' 

>4rtfA  ~ J(z  * 2S\33  +2X2/.33).  SJ./-R 

K * 200  X z£C  * 5<*,000  ik/m. 

T - 27rir&r*  ZirT^tMl  - 1.0  2 sec. 

K 1 5(cOOO 


fgtJtct: 

COMntTTD  BY : 

oatc: 

CMCCKCB  by: 

DATt: 

Vertical  Load 


Roof  C i 

^COSS  * 

6468* 
x 

Floor  Ay 


Roof  C 

T - 0.018  sec 
cJ  - 2/?ozq  -*  2 24  raJ/s 


'sec. 


Cos  cot*!  I ™ * / ^i97t;  - -0.OS78 


F, 


Cotel  - A 62 (a 

+ _ A626  __  -/•-  - 

V * 753  224-  " 

Z4  r Lr  _ 0.3ZS 
m 'y-^  ~ 31.7 -8S 


S3  75 

0.007  sec. 

« 0.6? 


MHO  FORM  29  16  MAY  1969 


1143 


imucct: 


I COMPUTED  MV : 


check co  «r: 


C.4<+Q-<oO&8-  3QOK 


1 ms 


T toZO 


= .ool  DLF  - 2 Big 3s  p.4S) 


R ^ 33 o' 
M 


Rey'J  Area,  of  Fief- 


2 X3go  +SH 


- 222  sq.fi 


Find  Footing  VJiDTj 


222-  w (2  x 25*.33  + 2 x 2/.33)=  W 
w=  -P2-  - 2.35' 

93.3  2 

Tfc)'  /!/?£/}-  22  2 S^.-P/r 
K*  2oo  x 222  = 444o<9 

r-  zrfjf,  » °-£7  *«. 


-5-  - 'OOl 

T'STsT  ■°°,s 


HNO  FORM  29  19  MAY  1999 


lUtJCCT 


eoHWTta  it 


OATC 


| 

I 


! 


i 


( 


I 

| 

i 

5 

S 


s 

J 

i 


HoZtZQN~AL  L 


CHtCXID  «T. 


Mtt: 


CAD 


Wall  3 


W all  D 


Wall  B 


cj 


HIT 


2 rr  _ 


.025 


?st. 


CO  ^ ^ /.L’Tm 


*?5 


>/ 


/.62 

TsT“ 


* S.O0&  sac. 


7 --  * 0. jic. 


Wall  D 

z»  2.JT  - 
^ TVS  *257 

Cm  ccttj-*  r 

f , /.647  ; 

•/  isT“  * 5ec* 


= -.OIL 


0.  3<? 
f/.fr  -$5 


* a 05? 


f 


wnmt: 

commtu  it ; 

o*t«: 

CHCCKVO  It: 

MTV'. 

4?4o  - 4370 


FoUhJDA  r/OAy  H/4  Z.  L 

4.»  ^(£Sfi*o.aS3) 

/ .\  / . .,3 


/2*24)(/< 


(s:5-x.<7or^o.D33) 


£ - 43,463  !n.4 

>S  * 2 4££  _ 24*  4.3  x/o4*  43463 

AS  C3*/2)» 

/C  * ?<4>yS$  0;000  Ib./l'n- 

T-  - girl/  /4J0  ~ , 

’ * 1 9i.  SS 0,000 


0.024  ssc* 


-f-  * Z+  M °-°4 


DlF  — Z 


Stj^s  /9.4S j Ft'g  2.1 


NNO  FOWM  » It  MAY  Ittt 


Optimization  of  Reinforced  Concrete  Slabs 
by  J.  M.  Ferritto  1 


INTRODUCTION 

The  Department  of  Defense  has  numerous  facilities  engaged  in  the  produc- 
tion of  various  types  of  explosives  and  munitions  used  by  military  services. 
In  most  cases  the  production  of  ammunition  utilizes  assembly  line  procedures. 
Projectiles  pass  through  various  stages  of  preparation:  filling  with 
explosive,  fuzing,  marking,  and  packing.  Hazardous  operations,  such  as  the 
filling  of  the  projectile  case  with  an  explosive  in  a powder  form  and  the 
compaction  of  the  powder  by  hydraulic  press,  are' accomplished  in  protective 
cells  that  are  intended  to  confine  the  effects  of  an  accidental  explosion. 

Most  of  the  existing  production  facilities  were  built  in  the  1940s. 

With  few  exceptions,  the  manufacturing  technology  and  existing  equipment 
represent  the  state  of  the  art  as  of  1940.  The  production  equipment  was 
operated  extensively  during  World  War  II,  again  during  the  Korean  conflict, 
and  recently  during  the  Southeast  Asia  war.  Much  of  this  equipment  and 
the  housing  structures  have  been  operating  beyond  their  designed  capacities 
[1].  The  Department  of  Defense  is  conducting  an  ammunition  plant  modern- 
ization program  [2]  that  is  ntended  to  greatly  enhance  safety  in  the 
production  plants  by  protective  construction,  automated  processing,  and 
reduction  of  personnel  involved  in  hazard  operations.  An  automated 
procedure  was  required  to  give  structural  designers  the  capability  to 

* Senior  Research  Engineer  Structures  Division  Civil  Engineering 
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perform  rapid  analysis  of  the  structural  safety  of  blast-resistant 
construction.  The  design  parameters  interact  in  a complex  way  since  the 
procedure  is  both  nonlinear  and  dynamic.  From  a design  point  of  view  an 
optimization  procedure  was  required  to  minimize  cost  and  maximize  safety 
since  blast-resistant  construction  has  been  reported  to  cost  3 to  5 
times  as  much  as  conventional  construction.  Therefore,  the  first  objective 
was  to  automate  the  analysis  procedures  for  determining  structural 
response  of  reinforced  concrete  slabs  having  a bilinear  stiffness  repre- 
sentation and  subjected  to  blast  shock  and  gas  pressures.  Concrete 
slabs  are  the  basic  element  forming  sidewalls,  roofs  and  floors  of  cells 
designed  to  confine  the  effects  of  accidental  explosions.  The  second 
objective  was  to  provide  an  optimum  design  procedure  for  laced  (shear 
reinforced)  and  unlaced  reinforced  concrete  slabs  that  will  automatically 
produce  a least-cost  design  for  a given  slab  geometry,  material  properties, 
and  explosive  weight  for  both  feasible  and  nonfeasible  starting  points. 


ANALYSIS  PROCEDURE 

j 


The  procedure  treats  reinforced  rectangular  slabs  with  arbitrary 


boundary  conditions,  cross  section  properties,  material  properties  and 
loading.  The  determination  of  the  equivalent  pressure  load  based  on  the 
quantity  of  explosive  and  cell  geometry  is  based  on  Reference  [3].  The 
computational  procedure  for  the  slab  analysis  utilizes  reinforced  concrete 


section  properties  to  determine  resisting  moment,  from  which  using  yield 
line  analysis  techniques,  the  static  resistance  of  the  slab  is  determined. 
The  stiffness  of  the  slab  is  calculated  using  elastic  plate  theory. 
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Using  Che  loading,  resistance,  stiffness  and  nass  of  the  slab,  the 
dynamic  response  of  the  slab  is  computed  by  time  step  iteration.  The 
slab  is  modeled  as  an  equivalent  single  degree-of  freedom  elasto-plastic 
system  [4].  The  design  of  the  slab,  based  on  its  ultimate  strength 
allows  large  nonlinear  deformations  to  confine  the  effects  of  an  accidental 
explosion.  The  deflections  are  limited  in  terms  of  support  rotations. 


Structural  Optimization 


The  optimization  problem  consists  of  finding  the  least>cost  structure 
that  satisfies  all  the  design  constraints;  or,  stated  in  optimization 
terms:  Find  $ such  that  M(X)  is  a minimum  and 

gl(X)  < 0 i - 1,  2,.  N 

where  J « vector  of  design  variables 

N ■ number  of  design  constraints 
g ■ vector  of  design  constraints 
M « objective  function 

Specifically  for  this  problem  the  design  variables  selected  are  areas  of 
steel  reinforcement  and  thickness  of  concrete.  The  design  constraints 
are  miriimum  section  properties  and  the  flexural  and  shear  limits.  The 
objective  function  consists  of  the  costs  of  forwork,  concrete,  and 
flexural  and  shear  (lacing)  reinforcement. 

( i 
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Fixed  Variables 

W ■ explosive  weight 
H *»  wall  height 

EL  ■ wall  length 

h * height  of  explosive  above  floor 
t * distance  of  explosive  from  left  side  of  wall 

R u distance  of  explosive  from  wall 

I ■ reflection  code 

ultimate  dynamic  concrete  strength 
dynamic  yield  strength  of  reinforcing  steel 
rotation  criterion 
Design  Parameters,  X 


) 


dc 

Edy 

0 


< 


concrete  thickness 

area  of  vertical  reinforcing  steel  tension 
area  of  vertical  reinforcing  steel  compression 
area  of  horizontal  reinforcing  steel  tension 
area  of  horizontal  reinforcing  steel  compression 
area  lacing  steel 

Constraints,  g (X) 

6(X)  ■ 6(0),  maximum  deflection 

V(X)  <•  VC  for  0 2 deg,  maximum  shear 

t >12,  minimum  thickness 
c — 


c 

AVT 

AVC 

AHT 

AHC 

AS 


AV  > 0.0025  bd 
AH  > 0.0025  bd 


minimum  steel  reinforcement 
tension  or  compression 


The  methodology  (5,6)  selected  used  the  unconstrained  minimization 
approach.  The  problem  is  converted  to  an  unconstrained  minimization  by 
constructing  a function,  ♦,  of  the  general  form 
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l i r)  - H(X)  + Pig.  (X) (h,  r ] 

i n 


For  this  problem  the  interior  penalty  function  technique  was  selected.  This 
methodology  is  suitable  when  gradients  arj  not  available,  and,  because  the 
method  uses  the  feasible  region,  a useable  solution  always  results.  The 
objective  function  is  augmented  with  a penalty  term  that  is  small  at  points 
away  from  the  constraints  the  feasible  region,  but  increases  rapidly 
as  the  constraints  are  approached.  The  form  is  as  follows: 


*(£,  r)  - M($)  - r E 


j-1  gjW 


where  M is  to  be  minimized  over  all  $ satisfying  g (1c)  <_  0,  j » 2 . . . N. 
Note  that  is  r is  positive,  then,  since  at  any  interior  point  all  of  the 
terms  In  the  sum  are  negative,  the  effect  is  to  add  a positive  penalty 
to  M($).  As  the  boundary  is  approached,  some  g (X)  will  approach  zero, 
and  the  penalty  will  increase  rapidly.  The  parameter,  r,  will  be  made 
successively  smaller  in  order  to  obtain  the  constrained  minimum  of  M. 
Objective  Function 

Cost  - M - H • EL  • t • C + (AV  + AH) (EL  • H)C  ♦ (A  )(EL  • H)C 

C C So  L 


f r 

1 lj 


where  C - cost  of  concrete  ($/cu  ft) 
c 

C ■ cost  of  horizontal  and  vertical  reinforcement  ($/cu  in.) 
s 

C,  - cost  of  lacing  reinforcement  ($/cu  in.) 
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A ■ area  lacing  reinforcement  ($/cu  in.) 
s 

AV  ■ vertical  steel  (tension  and  compression) 
AH  ■ horizontal  steel  (tension  and  compression) 


M + r 


N 

Z 

j-1 


8j(X) 


where  r » penalty  parameter. 


The  program  requires  a starting  point  in  the  feasible  region  before 
optimization  can  proceed.  This  is  accomplished  automatically  by  the  program 
by  incrementing  the  design  variables  until  a feasible  point  is  reached. 

An  algorithm  which  comprises  the  steps  most  commonly  used  is  as 
follows: 

1.  Given  a starting  point,  Xq,  satisfying  all  (X)  > 0 and  an 

initial  value  for  r,  minimize  4 to  obtain  X . . 

min 

2,  Check  for  convergence  of  X to  the  optimum. 

3.  If  the  convergence  criterion  is  not  satisfied,  reduce  r by 
r +■  rc,  where  c > 1. 

4,  Compute  a new  starting  point  for  the  minimization,  initialize 
the  minimization  algorithm,  and  repeat  from  step  1. 

The  logic  diagram  for  the  interior  penalty  functions  technique  is, 
shown  in  Figure  1. 

The  minimization  for  $(X,  r)  shown  in  Figure  1 is  accomplished  by  a 
method  developed  by  Powell  using  conjugate  directions  (5,6). 

Powell's  method  can  be  understood  as  follows:  Given  that  the 
function  has  been  minimized  once  in  each  of  the  coordinate  directions 
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and  then  in  the  associated  pattern  direction.  Discard  one  of  the  coordinate 
directions  in  favor  of  the  pattern  direction  for  inclusion  in  the  next 
minimizations,  since  thin  is  likely  to  be  a better  direction  than  the 
discarded  coordinate  direction.  After  the  next  cycle  of  minimizations, 
generate  a new  pattern  direction,  and  again  replace  one  of  the  coordinate 
directions. 

Figure  2 is  a logic  diagram  for  the  unconstrained  minimization 

algorithm.  The  pattern  move  is  constructed  in  block  A,  then  used  for  a 

minimization  step  (blocks  B and  C),  and  then  stored  in  S (block  D)  as 

n 

all  of  the  directions  are  up-numbered  and  S,  is  discarded.  The  directions 

S will  then  be  used  for  a minimizing  step  just  before  the  construction 

of  the  next  pattern  direction.  Consequently,  in  the  second  cycle,  both 

X and  Y in  block  A are  points  that  are  minima  along  S , the  last  pattern 

n 

direction.  This  sequence  will  impart  special  properties  to  Sn+1  ■ X - 
Y that  are  the  source  of  the  rapid  convergence  of  the  method. 

Figure  2 shows  a block  requiring  a one-dimensional  minimization  of 
a*  of  the  function  $($  + a S^).  The  one-dimensional  minimization  uses  a 
four-point  cubic  interpolation.  It  finds  the  minimum  along  the  direction 
S , where  X is  the  coordinate  of  the  previous  minimum.  By  trial  and 
error  it  finds  three  points  with  the  middle  one  less  than  the  other  two. 

It  makes  a qudratic  interpolation,  and  then  a cubic  inter  polation.  If  the 
actual  function  evaluated  at  the  new  interpolated  point  is  not  sufficiently 
close  .to  that  of  the  preceding  point  or  if  it  is  not  sufficiently  close 
to  the  interpolated  function,  then  another  cubic  Interpolation  is  made. 


I 
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Disv  ssion  of  Results 


The  objective  function  is  segmentally  linearly  dependent  on  the 
design  variables;  however,  the  constraints  are  both  linearly  and  non- 
linearly  related  to  the  design  variables.  The  minimum  area  of  steel  and 
minimum  concrete  thickness  are  linear  constraints.  Figure  3 shows  the 
constraints  and  objective  function  considering  for  this  example  that 
reinforcement  in  tension  and  compression  is  the  same  and  that  vertical 
reinforcement  is  related  to  horizontal  reinforcement  (thus  reduced 
variables  for  a 2-dimensional  presentation).  The  shear  stress  and 
deflection  are  nonlinearly  related  to  the  thickness  of  concrete.  The 
shear  stress  is  further  noted  not  to  be  convex.  This  will  be  discussed 
later.  Figure  3 shows  the  useable  region  bounded  by  flexure,  shear,  and 
minimum  steel  constraints.  The  optimum  least-cost  solution  is  shown. 
This  specific  example  solution  considers  an  unlaced  section;  thus,  the 
maximum  shear  constraint  is  active.  Laced  sections  eliminate  the  shear 
constraint.  If  the  number  of  sides  supported  were  increased  from  2 to 
3,  the  design  space  would  change  as  shown  in  Figure  4.  There  are  two 
regions  that  are  useable  areas.  Obviously,  the  lower  one  offers  the 
least  cost  and,  therefore,  is  more  desirable. 

There  is  clearly  a complex  interaction  of  constraints  showing  the 
effect  of  shear.  Unfortunately,  the  optimum  solution  found  by  the 
program  depends  on  the  starting  point  selected,  the  program  converges 
on  the  closest  relative  optimum.  Several  alternative  starting  points 
should  be  used  to  verify  a questionable  optimum.  Revising  the  design 
parameters  could  possibly  shift  the  constraints  such  that  only  one 


useable  solution  would  appear.  However,  a slight  Increase  in  shear 
stress  (10Z)  can  significantly  reduce  cost  by  allowing  the  near-optimum 
nonfeasible  solution  to  be  accepted.  Figure  5. 

The  dual-space  problem  of  finding  a useable  solution  IS  peculiar  to  un- 
laced concrete  slabs  only  because  lacing  (shear  reinforcement)  modifies  the 
shear  constraint.  Nonautomated  optimum  design  for  unlaced  conditions  is  almost 
impossible  when  one  considers  the  complexity  of  the  design  space  and  the  large 
number  of  iterations  required  when  an  initial  solution  is  not  feasible. 

Cost  data  used  in  the  program  can  be  selected  by  the  user.  However, 
the  data  used  herein  is  based  on  work  by  Plcatinny  Arsenal  on  contract 
with  Ammann  and  Whitney  [7].  Table  1 shows  a comparison  of  unlaced  and 
laced  concrete  walls  for  various  boundary  conditions.  The  example 
considers  a 15-foot-high  by  12-foot-wide  (4.6  m x 3.7  m)  wall  subjected 
to  a 2U0-psi  (1,400  kPa)  10-ms  triangular  loading  function.  In  all 
cases  the  laced  concrete  (12-degree  rotation)  is  less  expensive  than 
unlaced  (2-degree  rotation)  designs.  For  the  unlaced  sections  ultimate 
deflections  expressed  as  support  rotation  capacity  must  be  limited  to  2 
degrees  whereas  laced  sections  are  allowed  to  reach  12  degrees  by  virtue 
of  the  added  concrete  confinement  provided  by  the  lacing. 


COMPARISON  OF  RESULTS  TO  FINITE  ELEMENT  TECHNIQUES 


To  evaluate  the  accuracy  of  the  approximations  made  in  the  analytical 
technique  described  above,  a comparison  was  made  to  a finite  element 
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program,  INSLAB  (8J.  Program  INSLAB,  is  a finite  element  program  having 
plate  element  with  12  degrees  freedom.  An  elaato-plastic  material  model 
was  used  throughout  this  work.  The  model  was  defined  by  the  elastic 
modulus,  yield  modulus,  equivalent  yield  stress  assuming  rectangular 
section  (yield  moment  divided  by  thickness  squared)  and  Poisson's  ratio. 
Yielding  is  determined  by  principal  moments.  Uniform  pressure  loading 
is  input  and  mass  is  lumped  at  the  modes  based  on  material  density  and 
integrating  the  mass  over  the  element  interpolation  function.  The 
solution  procedure  uses  time  step  integration  assuming  a constant  accel- 
eration between  successive  time  increments. 

A reinforced  concrete  slab  supported  on  three  sides  was  analyzed 
for  a A00  psl  (2,800  kPa)  pressure  load  with  1.17  msec  duration.  The 

slab  measured  A ft  by  A ft  with  6-inch  thickness  (1.2  m x 1.2  m x 0.5  m). 

2 

Horizontal  nnd  vertical  reinforcement  was  0.18  sq  in. /ft  (3.8  cm  /m) 
both  sides.  A comparison  of  peak  displacement  from  both  the  finite 
element  and  approximate  solutions  is  shown  in  Figure  6. 

The  finite  element  analysis  was  performed  using  the  computer 
program  INSLAB,  [3].  The  mesh  consisted  of  80  elements  each  having  12 
degrees  of  freedom.  A time  increment  of  0.01  ms  was  used.  The  displace- 
ment difference  at  maximum  value  is  about  13  percent. 

Both  techniques  used  an  elaato-plastic  analysis.  The  approximate 
solution  uses  a cracked  moment  of  Inertia  averaged  with  a gross  moment 
of  inertia  to  determine  stiffness.  The  finite  element  method  uses  a 
gross  moment  of  inertia  based  on  section  thickness.  However,  the  modulus 
of  the  concrete  was  reduced  to  account  for  reduction  In  stiffness  resulting 
from  cracking.  The  rise  time  of  the  load  for  the  finite  element  solution 
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was  increased  to  allow  a number  of  steps  before  peak  load.  This  effect 
is  minimal  since  the  loading  is  impulsive  in  nature  and  is  thought  to 
result  in  about  a 5 percent  redaction  in  peak  displacement. 

Figure  7 shows  the  deflection  contours  obtained  by  the  finite 
element  analysis  and  the  yield  line  obtained  from  the  approximate  solution. 
The  agreement  is  very  good.  The  yield  line  marks  regions  of  the  plate 
assumed  to  displace  as  units.  The  contour  lines  tend  to  run  parallel  to 
the  support  and  vertical  yield  line.  This  is  the  same  mechanism  predicted 
by  the  yield  pattern  since  the  slab  deflects  most  along  the  vertical 
yield  line  varying  linearly  to  the  nondeflecting  support. 


CONCLUSION 


An  optimum  design  procedure  is  given  for  reinforced  concrete  slabs 
using  the  internal  penalty  function  approach.  The  solution  has  been 
found  to  converge  rapidly  and  at  minimum  computer  cost.  Results  agree 
well  with  more  refined  finite  element  anlaysis.  This  program  is  in  use 
by  the  Navy  in  the  design  of  facilities  to  resist  dynamic  pressures, 
such  as  from  accidental  explosions. 
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Figure  1.  Logic  diagram  for  interior  penalty  function  technique. 

Figure  2.  Logic  diagram  for  minimisation  of  ♦(X). 

Figure  3.  Design  space,  2 sides  fixed. 

Figure  4.  Design  apace,  3 sides  fixed. 

Figure  5.  Revised  design  space,  3 sides  fixed. 

Figure  6.  Displacement  history  4 ft  x 4 ft  (1.2  m x 1.2  m)  concrete  slab. 
Figure  7.  Deflection  contour  of  4 ft  x 4 ft  (1.2  m x 1.2  m)  slab. 
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Table  1.  Comparison  of  Optimum  Solutions 


(200  psi;  10  ms;  wall,  12  ft  L x 15  ft  H) 
(1,400  kPa;  10  ms;  wall  3.7  m L x 4.6  m H) 


Shear  capacity  slightly  exceeded. 
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Figure  6.  Displacement  history  4 ft  x 4 ft  (1.2  ■ x 1.2  m)  concrete  slab 
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FEASIBILITY  OF  USING  FIBERGLASS 
REINFORCED  PLASTIC  (FRP)  BUILDINGS 
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FOR  AMMUNITION  PLANTS 
by 

Charles  C.  Huang 

US  Amy  Engineer  Division,  Huntsville 

1.  INTRODUCTION 

Fiberglass  Reinforced  Plastics  (FRP)  have  made  significant  advances 
in  technology  and  applications  during  the  past  years.  Less  than  two  decades 
ago,  the  first  futuristic  FRP  house  was  unveiled  at  Disneyland,  CA.  Today 
the  FRP  Industry  Is  ready  to  market  a variety  of  energy-saving,  FRP  resi- 
dential houses.  In  chemical  plants  there  are  storage  tanks,  vats,  hoods, 
and  a host  of  structural  and  architectural  Items  made  from  FRP,  which  are 
Impervious  to  corrosive  environments.  Laminated  panels  with  layers  of  FRP, 
plywood,  and  in  certain  applications  with  a core  of  foam  are  being  used 
for  semi -trailer  bodies  and  cargo  containers.  FRP,  having  such  desirable 
properties  as  being  nonsparking,  lightweight,  corrosion  resistant,  smooth 
surface  finish  and  Impervious  to  water,  appears  to  be  an  Ideal  building 
material  for  certain  applications  In  ammunition  plants.  This  paper  presents 
the  findings  of  a recent  study*  which  Investigates  the  technical  and  economic 


* The  study  was  prepared  for  the  Office  of  DARCOH  Project  Manager  for  Munitions 
Production  Base  Modernization  and  Expansion.  The  author  acknowledges  that  this 
paper  was  prepared  based  on  the  study  conducted  by  his  colleagues,  Morgan  Jones 
and  Frank  Shearer,  both  of  USAEDH.  The  contributions  from  various  FRP  manu- 
facturers to  the  study  have  been  duly  acknowledged  In  the  report,  listed  as 
Reference  7. a of  this  paper. 
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feasibility  of  using  FRP  buildings  for  certain  areas  In  propellent  manu- 
facturing plants  where  the  presence  of  nitroglycerin  (NS)  vapor  or 
nitrocellulose  (NC)  dust  requires  frequent  washdown  to  prevent  accumulation 
and  to  enhance  safety. 

2.  MATERIALS 

a.  Resins 

Most  of  the  FRP  components  for  structural  applications  are  made  of 
polyester  resins  with  glass  fiber  for  reinforcement.  Phenolic  resins  for 
structural  wall  panels  are  emerging  In  Europe  but  are  not  as  prevalent  as 
polyester  In  the  United  States.  Epoxy  and  acrylic  resins  are  also  available 
but  are  more  expensive  and  difficult  to  mold  than  polyester  resins.  With 
various  additives  and  pigments,  and  with  different  amounts  of  fll.ler  and 
fiberglass,  polyester  resins  can  be  formulated  to  meet  special  requirements 
of  mechanical  properties,  color,  fire  retardancy*,  smoke  development  charac- 
teristics, ultraviolet  ray  absorption,  chemical  compatibility  and  cost. 

b.  Reinforcing 

Fiberglass  reinforcement  consists  basically  of  a bundle  of  glass 
filaments  called  rovings.  The  rovings  can  be  woven  Into  fabric  or  chopped 
Into  short  lengths  and  bonded  to  form  mats.  Resin  soaked  woven  fabrics, 
bonded  mats,  or  chopped  rovings  are  laid  over  molds  to  form  desired  FRP 
products  (molding  process).  Resin  Impregnated  rovings  can  be  continuously 


* Safety  criteria  for  certain  buildings  require  noncombustible  construction 
materials.  Use  of  fire  retardent  FRP  in  lieu  of  noncombustible  material  In 
such  cases  will  require  a waiver. 


wound  over  a mold  to  form  cylindrical,  conical,  and  other  complicated 
curved  surfaces  (filament  winding  process).  Structural  shapes,  e.g.,  wide 
flange  or  I beams,  channels,  angles,  rods,  tubes,  and  flat  sheets  are  made 
by  soaking  reinforcing  elements  in  .esin  xnd  then  pulling  them  through  a die 
(pultrusion  process).  Regardless  of  the  manufacturing  process,  the  amount 
and  orientation  of  fiberglass  reinforcing  elements  in  an  end  product  deter- 
mines its  mechanical  properties.  The  strength  of  an  FRP  component  is 
strongest  in  the  direction  of  the  reinforcing  element;  therefore,  the  charac- 
teristics of  having  varying  mechanical  properties  in  different  directions 
must  be  taken  into  consideration  during  FRP  building  design, 
c.  Insulation 

The  insulation  material  commonly  used  with  FRP  is  cellular  foamed 
polyurethane.*  The  foam  can  be  sprayed  on  or  rigid  foam  sheets  can  be 
bonded  to  an  FRP  surface.  Composite  panels  are  made  from  layers  of  FRP  with 
a foam  core.  Layers  of  plywood  are  often  added  for  strength  and  rigidity. 

3.  FRP  COMPONENTS 

a.  Pultruded  Parts 

Off-the-shelf  FRP  structural  and  architectural  items  available  for 
building  construction  are  made  by  the  pultrusion  process.  Pultruded  shapes, 
sheets,  double-wall  panels,  etc.,  are  formed  by  passing  fiberglass  strand 
rovings,  mats  or  woven  fabrics  through  a bath  of  polyester  resin.  The  resin- 
impregnated  reinforcing  elements  are  then  fed  continuously  into  a temperature 


* Polyurethane  foam  Insulation  of  2 lb/ft3  density  with  the  lowest  smoke 
developed  rating  of  150  still  exceeds  the  current  DOD  criteria.  A waiver 
will  have  to  be  applied  for  applications  for  which  the  use  of  the  foam  is 
justifiable. 
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controlled  die.  As  the  cured  product  Is  pulled  from  the  die  It  Is  cut  Into 
predetermined  lengths.  Pultruslon  is  a highly  efficient  manufacturing  process. 
The  equipment  presently  available  for  making  pultruded  structural  wide  flange 
or  I beams,  etc.,  is  up  to  13  inches  square  and  for  making  double  wall  panels 
up  to  60  Inches  wide  and  two  inches  deep.  Standard  stock  items  available  for 
prompt  delivery  are  not  as  large  as  the  limiting  sizes  indicated  above. 

Special  runs,  subject  to  minimum  quantity  restrictions,  can  be  ordered  for 
non-stock  Items. 

b.  Molded  Parts 

Large  building  subassemblies  such  as  various  wall  units,  arched 
roof,  etc.,  cannot  be  manufactured  by  the  pultrusion  process.  They  are 
usually  made  by  the  molding  process.  This  process  involves  manual  operations 
In  varying  degrees  dependent  on  the  production  quantity  Involved  and  the 
extent  of  tooling  used.  For  a small  production  quantity,  layers  of  fiber- 
glass reinforcing  materials  are  placed  over  or  into  a mold  by  hand.  The 
amount  of  resin  and  reinforcing  materials,  which  control  the  strength  and 
dimensional  accuracy  of  an  end  product,  are  greatly  influenced  by  the  skills 
of  the  worker.  The  curing  process  takes  place  in  the  atmosphere  or  in  an 
autoclave  depending  on  the  production  quality  and  quantity  required.  For 
larger  quantity  productions,  more  Investment  In  tooling  and  production  equip- 
ment will  enhance  quality  control  and  effect  production  cost  reduction.  For 
example,  FRP  parts  for  automobile  bodies  are  produced  by  an  automated  molding 
process. 


1172 


c.  Filament  Winding 

FRP  liquid  storage  tanks,  rocket  motor  skirts  and  nozzles,  submarine 
antennas  and  the  like  are  subject  to  heavy  loads  and  severe  operating  environ- 
ments. Stringent  mechanical  properties  requirements  which  call  for  multi- 
directional fiberglass  reinforcement  and  exacting  quality  control  can  be 
attained  by  winding  fiberglass  rovings  over  a mold.  This  Is  a relatively 
expensive  process  and  Its  applications  for  FRP  building  construction  have 
not  been  Identified  by  the  study. 

4.  FRP  BUILDINGS 

Three  FRP  buildings,  all  having  dimensions  of  60  feet  X 30  feet, 
representing  three  design  approaches  were  evaluated  from  technical  and 
economic  viewpoints.  The  first  building  Investigated  has  a standard  frame 
structure  of  beams  and  columns  similar  to  the  conventional  metal  building. 

op 

All  the  structural  members  used  are  of  pultrqied  FRP  shapes.  The  second 
building  utilizes  a shell  construction  which  would  provide  more  rigidity 
than  the  frame  structure.  The  third  one  was  adapted  from  an  FRP  prototype 
residential  house  being  developed  by  an  FRP  manufacturer  for  large  quantity 
production.  The  features  of  these  buildings  are  given  In  the  following 
paragraphs : 

a.  Standard  Frame  FRP  Building 

Figures  3-1,  3-2  and  3-3  depict  the  concept  of  this  building.  This 
Is  a conventional  beam  and  column  framing  system  made  from  pultruded  FRP 
structural  members  with  bolted  connections.  The  exterior  wall  and  roof 
panels  are  Insulated  double  wall  FRP  panels.  Three  types  of  panels  were 
Investigated  and  each  will  be  described  later.  The  structural  frame 
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was  designed  In  accordance  with  the  design  guides*  provided  by  FRP 
manufacturers.  The  low  modulus  of  elasticity  of  FRP  (2.3  x 10®  psl  for 
FRP  as  compared  with  29  x 10®  psi  for  steel  and  with  10  x 10®  psl  for 
aluminum)  creates  problems  of  deflection  and  elastic  Instability  under 
loads.  For  Instance,  the  standard  FRP  structural  shapes  are  Inadequate 
for  a clear  span  of  30  feet  due  to  excessive  deflection  and  a center  column 
for  each  bay  must  be  provided. 

The  beam  and  purlin  size  selection  Is  based  on  beam  deflection 
and  the  column  Is  based  on  elastic  stability.  As  a result  the  stress  level 
In  the  members  Is  rather  low.  This  Indicates  that  the  frame  building 
system  does  not  provide  efficient  use  of  FRP  material  and  Its  cost  may  not 
be  competitive  with  other  type  building  systems  such  as  shell  construction. 

The  three  wall  panels  Investigated  for  use  with  the  structural 
frame  are  off-the-shelf  Items  that  have  been  used  successfully  for  various 
applications.  Their  features  are  described  below: 

(1)  Composite  Panel.  This  panel  (Figure  3-4a)  with  two  layers  of 
plywood  provides  adequate  strength  to  span  from  the  floor  to  the  roof 
without  horizontal  girts  or  tie  rods,  thus  eliminating  the  ledges  along  the 
wall  for  dust  collection.  The  foam  core  provides  required  Insulation. 

This  panel  can  be  fabricated  In  sizes  10  feet  wide  and  up  to  200  feet  long 


* The  ASCE  Structural  Plastic  Research  Council  Is  preparing  two  manuals: 
“Properties  Classification  Manual,"  and  "Design  of  Plastics  Structural 
Components."  The  manuals,  when  available,  will  provide  more  design 
guidance. 


1174 


without  joints  or  seams.  If  the  practical  limit  In  length  for  handling  Is 
assumed  to  be  30  feet,  for  a 60  foot  x 30  foot  building.  It  would  require 
on'y  one  joint  for  each  of  the  60  foot  walls.  The  work  Involved  In  the 
preparation  of  vapor/1 Iquid  Impervious  joints  would  be  reduced  to  a minimum. 
Further,  the  panel's  Inner  surface  has  a bonded  gel-coat  finish  similar  to 
FRP  bathtubs  and  pleasure  boats.  This  finish  can  be  made  fire  retardant  and 
Imprevlous  to  water  and  many  chemicals. 

(2)  Pultruded  Panel.  This  panel  (Figure  3 ' Is  a pultruded 

box  section  of  48  Inches  wide  and  2 Inches  deep  with  Intermediate  longi- 
tudinal diaphragms  at  6-1nch  Intervals.  The  voids  are  filled  with  poly- 
urethane foam  for  Insulation.  The  panel  has  a recess  along  each  edge  to 
provide  lap  joints  to  hold  the  panels  together,  and  It  can  be  made  to  meet 
specified  strengths.  It  Is  lighter  than  the  composite  panel  described 
previously  and  can  be  framed  vertically  from  the  floor  to  the  roof,  without 
horizontal  supports.  Since  the  panel  Is  only  4 feet  wide,  joint  preparation 
for  sealing  against  explosive  vapor/dust  will  be  required  at  4-foot  Intervals. 
This  means  more  field  work  during  building  erection  ar.d  subsequent  maintenance 
(recaulking  or  resealing).  Further,  the  surface  finish  of  the  pultruded  panel 
Is  not  as  smooth  as  the  gel-coated  surface  on  the  composite  panel. 

(3)  Molded  Panel.  This  Is  a proprietary  Item  (Figure  3-4c)  con- 
sisting of  an  Inner  and  outer  molded  FRP  skin  with  a polyurethane  foam  core. 
The  4-foot  wide  panel  has  Its  edges  bent  outward  to  form  flanges  to  facilitate 
bolting  the  panels  together  to  form  a wall  or  a roof.  Some  of  the  buildings 
for  housing  switchgear  In  electric  substations  are  made  from  this  type  panel. 
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The  inner  surface  has  a gel -coat  finish  and  the  outer  surface  has  a durable 
finish  for  exterior  exposure.  One  drawback  of  this  panel  is  Its  width 
which  requires  caulking  and  sealing  of  the  seams  between  panels  at  4-foot 
Intervals.  For  a relatively  small  building,  the  walls  and  roof  can  be  made 
from  the  panels  to  form  a shell  which  is  structurally  adequate  without  ad- 
ditional structural  frames. 

b.  FRP  Semi -Arch  Building 

The  semi -arch  concept  (Figures  3-5,  3-6,  and  3-7)  was  investigated 
because  a shell  structure  is  usually  more  efficient  (i.e.,  to  attain  a 
higher  ratio  of  carrying  capability  to  the  weight  of  FRP  used)  than  a frame 
building  system  of  beams  and  columns.  A semi -arch  building  is  formed  by 
bolting  together  a number  of  prefabricated  semi -arch  segments.  When  all  the 
joints  between  segments  are  properly  sealed  the  entire  interior  surface  will 
be  smooth  and  free  from  any  protrusion  due  to  structural  members. 

The  size  and  shape  of  semi -arch  segnent  was  developed  in  consulta- 
tions with  manufacturers  for  constructability  based  on  the  largest  autoclave 
presently  available.  The  segnents,  according  to  one  manufacturer's  view,  can 
be  fabricated  by  hand  lay-up/vacuum  mold/autoclave  curing  process.  For  a 
small  quantity  production,  the  mold  would  consist  of  male  and  female  parts 
and  produce  one  segment  at  a time. 

With  the  existing  facilities  at  the  manufacturer's  plant,  the 
estimated  production  rate  for  such  a segment  is  rather  slow.  Heavy  investment 
for  more  molds  and  larger  size  autoclaves  is  not  justifiable  unless  a large 
quantity  of  the  building  is  in  demand.  Obviously,  this  labor  Intensive 
fabrication  method  cannot  be  expected  to  result  in  a relatively  inexpensive 
building  of  this  type. 


c.  FRP  PREFAB  Building 

Since  quantity  production  is  the  key-  to  cost  reduction,  an  attempt 
was  made  to  adapt  certain  FRP  houses  being  developed  fcr  large-quantity 
production  to  the  60  foot  x 30  foot  building  under  study.  Two  pro- 
prietary prototype  buildings  have  been  built  and  a third  Improved  version 
Is  under  development  by  Molded  Fiber  Glass  Co.  (MFG),  Astabuhla,  Ohio.  The 
concept  shown  In  Figure  3-8  was  developed  with  the  aid  of  the  manufacturer's 
architect.  This  building  system  will  utilize  the  standard  components  and 
subassemblies  In  the  FRP  residential  houses  to  be  marketed  for  quantity 
production.  As  the  market  expands  and  production  costs  lower.  It  is  ex- 
pected that  FRP  buildings  constructed  by  this  approach  would  result  in  cost 
effective  buildings  for  use  in  ammunition  plants. 

5.  FRP  BUILDING  COSTS 

The  estimated  costs  for  the  FRP  buildings  described  earlier  are 
summarized  in  Tables  3 and  4.  The  estimates  were  developed  from  the 
material  cost  data  furnished  by  manufacturers.  The  costs  for  shipping, 
handling,  and  erection  were  estimated  based  on  the  total  weight  for  each 
building  system  and  the  degree  of  complexity  in  erection  and  labor  skills 
needed.  It  should  be  noted  that  the  costs  for  site  preparation,  foundation, 
and  equipment  and  utilities  installations  are  not  included  in  the  estimates. 

As  expected,  the  specially  designed  semi-arch  building  system  costs 
more  than  the  other  two.  The  building  adapted  from  the  residential  houses 
would  have  the  most  cost  reduction  as  the  quantity  increases.  It  must  be 
recognized  that  such  a significant  cost  reduction  is  attainable  predicated 
upon  the  expectation  that  the  FRP  residential  houses  would  be  able  to  capture 
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the  housing  market  as  planned.  Therefore,  the  actual  amount  of  cost 
reduction  due  to  quantity  as  indicated  here  can  Be  verified  only  when 
marketing  of  the  FRP  residential  houses  is  underway.  Nevertheless,  the 
trends  Indicate  clearly  that  the  adaptation  of  cornnercially  available 
standard  components  to  a particular  application  Is  the  approach  that 
results  In  cost  saving. 

It  Is  also  Interesting  to  note  that  there  is  a very  small  difference 
In  costs  among  the  frame-structured  buildings  using  three  different  FRP 
panels  for  walls  and  roof.  This  Indicates  that  the  cost  differentials  of 
the  three  panels  are  small  and  the  selection  of  the  panel  will  be  based 
more  on  their  technical  features  than  on  cost. 

Figure  3-11  provides  a comparison  not  only  among  the  three  FRP 
buildings  studied,  but  also  between  FRP  and  preengineered  steel  buildings. 

The  cost  Indicated  here  for  preengineered  building  Includes  the  work 
Involved  In  the  special  treatment  of  the  joints  and  seams  and  wall  surfaces 
In  order  to  meet  the  same  washdown  requirements  for  FRP  buildings.  However, 
one  must  recognize  that  the  cost  comparison  between  FRP  and  preengineering 
steel  buildings  as  Indicated  does  not  provide  the  whole  picture,  because  the 
Inherent  advantages  and  disadvantages  of  FRP  and  metal  buildings  are  not 
amenable  to  quantitative  comparison.  In  fact,  the  steel  building  Is  not  an 
acceptable  structure  by  the  safety  community  for  housing  NG  operations. 

Thus  far  the  comparisons  have  been  made  on  the  Initial  costs  of  the 
buildings.  Through  the  subsequent  years  of  operations,  seams  and  joints 
will  require  rework  to  maintain  vapor/dust-proof  feature.  Bolts  In  certain 
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areas  may  have  to  be  tightened  or  replaced.  The  surface  of  the  walls 
may  need  reftnishing  to  maintain  required  smoothness.  Taking  into  con- 
sideration all  necessary  maintenance  during  the  years,  a life  cycle  cost 
analysis  for  a 25  year  service  life  was  made  for  the  three  types  of  FRP 
buildings  and  the  insulated  preengineered  steel  building.  The  results  are 
tabulated  in  Table  4.  It  is  interesting  to  note  that  the  difference  in 
cost  between  the  steel  building  and  the  FRP  building  adapted  from  prefabri- 
cated residential  houses  is  about  13  percent. 

6.  CONCLUSIONS 

a.  The  best  approach  to  providing  an  all  FRP  building  of  60  feet  x 
30  feet  for  use  in  airmunltion  plants  would  be  to  adapt  it  from  standard  FRP 
residential  houses  that  are  being  developed  by  the  FRP  industry  for  the 
housing  market  (Molded  Fiberglass  Company*  Astabuhla,  Ohio  is  one  of  such 
developers).  Utilizing  quantity-produced  standard  wall  and  roof  units 
would  reduce  the  initial  building  cost.  Specially  designed  FRP  buildings 
using  pultruded  FRP  structural  shapes  or  molded  components  would  not  be 
cost  effective  because  the  quantity  for  each  particular  application  Is  small. 

b.  Small  buildings  of  shear  wall -type  construction  can  be  produced 
by  modular  flanged  FRP  panels  (similar  to  Figure  3-4c  except  no  extensive 
interior  structural  framing).  The  largest  building  of  this  type  construction 
built  by  PACS  Industry,  Inc.,  Great  Neck,  New  York  is  20  feet  x 68  feet  with 
a peaked  roof  which  has  been  used  for  housing  switchgear.  This  type  of 
ready  made  FRP-panel  building  could  be  utilized  If  an  Immediate  need  for 
relatively  small  FRP  buildings  should  arise. 


c.  At  the  Radford  Ammunition  Plant,  some  of  the  future  buildings 
in  which  propellent  dust  presents  hazards  is  planned  to  have  "inside-out" 
wood  structures.  The  wood  frame  Is  inclosed  by  an  inside  wall  only;  thus, 
leaving  the  structural  frame  exposed  on  the  outside.  The  hidden  cavities 
for  dust  accumulation,  which  normally  exist  between  the  walls  of  conventional 
double-wall  buildings,  are  eliminated  in  the  "inside-out"  construction.  The 
interior  plywood  walls  are  to  be  caulked  and  sealed  and  painted  for  dust  and 
water  proofing.  It  can  be  envisioned  that  this  type  construction  will  have 
low  initial  building  cost.  However,  it  will  require  more  maintenance  and 

it  also  lacks  insulation. 

The  FRP-plywood  panel  (similar  to  Figure  3-4a  such  as  those  made 
by  Lunn  Laminates,  Inc.,  Wyandanch,  New  York)  could  be  used  for  the  interior 
wall  of  the  "inside-out"  wood  building.  This  type  panel  would  require 
fewer  joints  and  seams  (because  large  size  panels  are  available)  and  a very 
smooth  gel -coat  surface  finish.  These  features  are  desirable  from  both 
operating  and  maintenance  viewpoints  and  make  the  FRP-plywood  panel  a better 
wall  system  for  the  "inside-out"  construction  than  does  the  plywood  panel. 

d.  In  planning  or  designing  FRP  buildings  for  amnunition  plants, 
one  must  recognize  the  fact  that  some  of  the  FRP  characteristics  are  still 
not  fully  known  and  require  attention  for  each  particular  application.  Such 
characteristics  include  the  following: 

(1)  Deformation  of  FPP  structural  members  under  load  tends  to 
increase  with  time.  The  creeping  characteristic  is  not  fully  known  and  more 
data  should  be  collected  from  existing  prototype  buildings. 


(2)  FRP  structural  members,  when  subject  to  sustained  elevated 
temperatures,  lose  a large  percentage  of  their  load-carying  capacity. 

For  example,  the  strength  of  FRP  may  reduce  up  to  50  percent  in  a 200°F 
environment.  This  factor  must  not  be  overlooked  in  designing  FRP  structures. 

(3)  The  effects  of  static  buildup  on  FRP  surfaces  should  be 
investigated  to  establish  safe  grounding  methods. 
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A -FRP  Pultruded  Frame  Buildings 
o-FRP  Ceml-Arch  Buildings 
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+-$tandard  Pre-englneered  Steel  Buildings  (No  Insulation) 


Figure  3-11  Quantity  Comparison  Curves 


TABLE  3 


ESTIMATED  COST  FOR  QUANTITY  PROCUREMENT  (1978  DOLLARS) 


TYPE  OF  BUILDING 


NUMBER  OF  BUILDINGS 


1 

5 

10 

15 

20 

FRP  Pultrqded  Shape  Bldg. (a) 

$56,000 

$54,000 

$53,600 

$52,500 

$51 ,400 

(b) 

56,500 

55,300 

54,100 

53,000 

51,900 

(c) 

57,000 

55,800 

54,600 

53,500 

52,400 

FRP  Semi -Arch  Building 

76,900 

63,000 

61,300 

60,700 

60,400 

FRP  Prefab  Building 

58,400 

53,500 

48,600 

43,700 

38,800 

Mod.  Preenglneered  Steel 
Building,  Insulated 

32,000 

31 ,800 

31,600 

31 .600 

31 ,600 

TABLE  4 

ESTIMATED  COST  PER  SQUARE  FOOT  FLOOR  AREA  (1978  Dollars) 

NUMBER  OF  BUILDINGS 


TYPE  OF  BUILDING 


1 


FRP  Pultruded  Shape  Bldg. (a) 

$31.11 

(b) 

31.39 

(c) 

31.67 

FRP  Semi-Arch  Building 

42.72 

FRP  Prefab  Building 

29.95 

Mod.  Preengineered  Steel 
Building.  Insulated 

17.78 

(a)  Plywood  Reinforced  FRP  Panel,  (b) 
Panel. 


5 

10 

15 

20 

$30.00 

$29.78 

$29.17 

$28.56 

30.67 

30.06 

29.44 

28.83 

31.00 

30.33 

29.72 

29.11 

35.00 

34.06 

33.72 

33.56 

27.44 

24.92 

22.41 

19.90 

17.68 

17.56 

17.56 

17.56 

Pultruded  FRP  Panel,  (c)  Lay-up  FRP 


ALL  ESTIMATED  COSTS  SHOWN  ARE  FOR  BUILDINGS  ERECTED  ON  A PREVIOUSLY  CON 
STRUCTED  SLAB.  COSTS  FOR  THE  CONCRETE  SLAB,  MECHANICAL,  ELECTRICAL  AND 
SITE  WORK  ARE  NOT  INCLUDED . 
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IN  PRODUCTION  AND  STORAGE 
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1 . Background 


From  the  number  of  fatalities  in  the  production  of 
commercial  NG-explosives  in  Western  Europe  over  the 
last  15  years,  and  from  an  estimate  of  the  number  of 
employees,  the  number  of  fatalities  per  100  million 
working  hours  can  be  calculated. 

For  comparison,  the  official  Norwegian  statistics  for 
1970  are  shown: 


Explosives  production  in 
Western  Europe 

Mining  industry,  Norway 
Total  industry,  Norway 


50  fatalities/100  million 
working  hours 

35  fatalities/100  million 
working  hours 

5,5  fatalities/100  million 
working  hours 


The  comparison  shown  above  and  the  reactions  that 
occured  after  several  accidents  in  the  first  part  of 
the  1970's  was  the  reason  for  Dyno's  decision  to  start 
a more  systematic  approach  to  the  problem  of  reducing 
the  number  of  accidents. 


Dyno's  explosives  plants  are  all  placed  in  populated 
areas  less  than  30  miles  from  Oslo.  One  of  the  first 
and  most  important  tasks  was  therefore  to  find  criteria 
vis-a-vis  our  surroundings.  Up  till  now  all  our  work 
has  been  based  on  the  assumption  that  an  accident  will 
occur  (probability  = 1)  . 

2.  Criteria 


Dyno's  criteria  for  external  and  internal  conditions 
are  shown  in  fig.  1.  This  kind  of  criteria  made  it 
possible  to  plan  and  arrange  our  production  and  storage 
areas  in  a better  way  than  the  traditional  quantity 
distance  tables. 
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Applications  of  the  criteria 


3.1  General  approach 

All  of  Dyno's  explosives  plants  have  been  studied 
with  respect  to  these  criteria,  using  a "Question- 
naire" shown  in  fig.  2. 

The  various  buildings  and  transport  routes  have 
been  analysed  and  classified.  In  this  work  we  also 
have  used  a datasheet  shown  in  fig.  3.  This 
analysis  has  been  the  base  for  several  decisions 
and  changes,  some  of  which  are  substantial,  which 
have  been  carried  out. 

3.2  Work  in  the  Gullaug  plant 

As  the  map  in  fig.  4 shows,  the  Gullaug  plant  is 
situated  on  a peninsula. 

Boundaries  set  up  by  the  criteria  versus  the 
nearest  dwellings,  shops,  schools,  roads  and 
factories  are  shown. 

All  explosives  activities  were  situated  on  the  part 
of  the  plant  area  outside  these  boundaries. 

The  quay  with  up  to  400  tons  and  some  magazines  con- 
taining 50  tons  each  (sum  600  tons)  were  found  not 
to  be  acceptable. 

The  conclusion  of  the  first  stage  was  therefore  that 
the  Gullaug  plant  fulfilled  the  demands  versus  the 
surroundings,  if  the  quay  and  the  magazines  were 
removed. 

The  next  questions  were  whether  the  internal 
criteria  were  fulfilled,  and  if  the  rema.tr'  g area 
satisfied  our  demands  for  the  present  and  future 
t | concerning  space. 

1 Fig.  5 shows  how  the  plant  was  arranged  when  the 

work  started. 
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The  numbered  areas  were  found  not  to  fulfill 
the  criteria  due  to  the  distances  to  the  work- 
shops and  roads.  The  amount  of  explosives  in 
process  in  these  buildings  was  too  high  and 
since  there  was  no  practical  way  of  reduction 
the  following  major  decisions  were  made 

- Production  of  TNT  hade  to  be  stopped 

- Production  of  TNT- slurry,  ANFO  and 
detonating  cord  had  to  be  moved.  This 
was  taken  into  account  in  the  new  plant 
layout. 

- The  quay  and  the  magazines  had  to  be 
moved  out  of  the  plant  area. 

These  projects  are  mostly  finished  by  now. 

In  the  plant  we  have  3 categories  of  traffic 

- Personell 

- Undangerous  goods 

- Dangerous  goods 

These  categories  will  all  affect  the  risk  situ- 
ation. 

Personell  transport  represents  a risk  problem  only 
if  it  goes  through  or  stops  in  dangerous  areas. 

Transport  of  dangerous  goods  will  be  a problem 
by  endangering  the  route. 

This  led  to  that  serveral  roads  and  routes  had 
to  be  changed.  New  routines  for  personell  transport 
(buses  and  private  cars,  parking  places)  were  in- 
troduced. In  order  to  acheive  a rational  transport 
of  dangerous  goods  it  was  decided  to  build  a sort- 
ing/intermediate storage  terminal  for  finished 
products  from  where  the  goods  are  transported  to 
the  magazine  area.  This  terminal  has  been  in 
operation  since  early  1976  and  consists  of  5 igloos 
for  8 tons  each. 
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Final  conclusions 


The  analysis  which  has  been  roughly  described 
above  led  to  a disposition  plan  for  the  area 
which  is  shown  in  fig.  6. 

As  the  plan  shows  the  transport  of  personell  and 
undangerous  goods  are  led  in  in  one  end  of  the 
plant  and  the  dangerous  goods  are  taken  out  in 
the  other. 

Further  on  the  area  has  been  divided  into  areas 
which  give  place  both  for  the  present  production 
and  for  future  activities.  Along  the  borderlines 
between  the  different  areas  we  have  planted  trees 
which  act  as  screens  mostly  for  fragments. 

Types  of  buildings,  model  tests 

4 . 1 Buildings 

Fig.  7 shows  in  principle  the  various  types  of 
buildings  used  in  the  production  areas  and  also 
indicates  their  place  in  time. 

From  a safety  point  of  view  the  totally  buried, 
concrete  building  and  the  steel  houses  are  very 
much  alike.  Both  have  a well  defined  effect  in 
reducing  the  shock  pressure  in  the  area  close  to 
an  explosion  compared  with  the  conventional  mounded 
building.  In  the  matter  of  debris  the  steel  house 
is  to  be  preferred. 

When  the  question  comes  to  arranging  a layout  for 
an  explosives  production  plant  where  space  is 
limited  these  constructional  properties  combined 
with  our  kind  of  criteria  are  very  valuable. 

The  development  of  these  constructions  started 
earlier  than  our  risk  analysis  and  from  other  motives. 
Without  this  work,  however,  we  would  have  met  much 
bigger  problems  in  satisfying  our  internal  criteria. 


4.2  Model  tests 


Our  model  tests  can  be  separated  in  3 separate 
parts: 

- Tests  referring  to  the  cylindrical, 
concrete  construction. 

- Steel  house  tests. 

- Spot  tests  to  investigate  special  con- 
structions and  layouts. 

As  shown  in  fig.  7 the  cylindrical  concrete  build- 
ing type  was  taken  into  use  in  the  late  1960 's. 

After  having  built  1 mixing  plant  and  1 cartridg- 
ing  plant  of  this  type,  it  was  decided  to  make 
a model  test  on  the  latter  in  order  to  investi- 
gate more  closely  the  condition  for  the  operators 
in  their  control  room. 

A model  was  built  in  scale  1 : 10.  The  test  was 
carried  out  by  the  Norwegian  Defence  Construction 
Service.  The  conclusion  from  the  test  led  among 
other  things  to  a reinforcement  of  the  doors 
in  the  control  room.  Data  from  this  test  also 
provided  valuable  background  for  the  building  of 
2 remote  controlled  mixing  plants  at  one  of  our 
plants. 

The  model  tests  for  the  double-walled  steel  house 
started  in  1971.  A series  of  tests  in  scale  1 : 10, 
1 : 4 and  1 : 2 were  made.  The  most  important 
questions  were 

- pressure  distribution 

- impulse 

- debris,  vertical  and  horizontal 

- data  for  constructional  calculations 
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The  tests  gave  us  the  following  answers: 

- Pressure  distribution  an  shown  in  fig.  8 
(Scale  1:2).  Roughly  the  pressure  at 
a distance  of  10  metres  is  reduced  by  8% 
and  from  50  - 350  metres  by  30%. 

- Impulse  reduction  at  10  metres  distance 
about  70%  and  at  50  - 350  metres  40%. 

- Very  concentrated  debris  downfall  as 
shown  in  fig.  9 . 

- No  horizontal  fragments. 

Other  advantages  in  using  this  type  of  building  is 

- Compact  layouts  which  leeds  to  cheaper 
transportation  systems. 

- Simple  foundations,  see  fig.  9. 

- Flexibility  in  building  and  mooving  plants. 

Fig.  10  and  11  show  part  of  the  layout  of  two 
production  lines  at  one  of  our  plants  and  results 
of  model  tests  made  of  these. 

The  problem  was  as  follows: 

In  order  to  achieve  a satisfactory  regularity  in 
production  it  was  necessary  to  introduce  a buffer 
storage  of  explosives  between  the  mixing  and 
cartridging  operation.  The  buffer  sizes  were 
1 400  and  1 600  kg.  The  space  available  was  re- 
stricted ar.d  it  was  therefore  decided  to  run  a 
series  of  model  tests  in  scale  1 : 10  of  various 
constructions  in  order  to  determine  the  pressure 
propagation.  The  results  led  to  a construction 
which  gives  marked  pressure  reduction  in  certain 
directions  which  again  made  it  possible  to  arrange 
the  production  line  as  shown. 


1201 


When  planning  our  Pilot  plant,  we  also  ran  a 
series  of  model  tests  in  scale  1 : 14  which  led 
to  the  construction  and  layout  we  have  today. 

Generally  speaking  model  tests  are  looked  at 
as  a very  useful  tool  of  determining  possible 
layouts  and  constructional  details. 

5 . Storage  of  explosives 

5 . 1 General  background 

Our  main  storage  area  is  placed  in  a valley  about 
3 km  from  the  plant.  Fig.  12  shows  a map  of  the 
magazine  area.  The  magazines  numbered  1-5  are 
of  the  box  type  and  were  built  in  the  1960's. 

The  magazines  7-10  are  of  the  igloo  type  and 
were  built  in  1974/75  and  represented,  the  first 
step  of  moving  the  magazines  out  of  the  plant 
area.  The  dotted  magazines  11-37  are  future 
magazines . 

In  order  to  allow  a further  expansion  of  the 
magazine  area  {11  - 17)  the  Norwegian  Explosive 
Inspector  demanded  that  a risk  analysis  should 
be  made.  The  Swiss  consultant  firm  Basler  & 

Hofmann  were  hired  for  this  job,  and  the  work 
started  late  in  1976.  The  analysis  was  divided 
in  2 stages: 

- Is  it  recommendable  to  build  further 
magazines  area  and  what  amount  of 
explosives  could  be  stored? 

- What  could  be  the  most  probable  causes 
for  an  explosion? 

5.2  Result  of  the  analysis,  stage  1 

Fig.  13  shows  the  principles  for  the  approach  to 
the  analysis,  and  fig.  14  defines  the  terms 
"individual  risk”  and  "group  risk". 

Every  magazine  and  in  some  cases  a sum  of  2 maga- 
zines represents  an  "event",  i.e.  a potential 
explosion,  and  were  analysed  for  effect  on  the 
surrounding  population.  The  result  of  these 
calculations  are  shown  in  fig.  15. 

" I 
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The  most  important  conclusions  are: 

- An  explosion  in  magazine  1,  2 or  3 will 
probably  propagate  to  all  three. 

- An  explosion  in  magazine  4 og  5 will 
propagate  to  the  other  magazine. 

- Building  magazines  11,  12,  13  and  14 
make  very  little  change  in  the  risk 
situation. 

- Increasing  the  amount  of  explosives 

in  magazines  7 - 14  up  to  250  - 350  tons 
has  little  effect  on  the  risk. 

- Magazine  15  should  be  limited  to 
70  - 80  tons. 

- Magazines  16  and  17  should  not  be  built. 

The  value  of  Re  = 1 corresponds  to  what  is  normally 
accepted  in  Switzerland  with  a probability  of  10  - 3 
(i.e.  1 explosion  every  1000  year). 

The  discussion  of  the  report,  where  also  the 
Explosives  Inspector  participated,  led  to  the 
following  conclusions: 

- Magazine  2 and  4 will  not  be  used  for 
explosives  storage  in  the  future. 

- The  maximum  allowable  amount  of  explosives 
in  an  igloo  magazine  should  be  set  to 

150  tons  (with  reference  to  the  ESKIMO- 
program) . 

- The  allowable  amount  of  explosives  in 
magazine  7-10  was  increased  from  70 
to  100  tons. 

- The  new  magazines  11  - 14  will  be  built 
for  150  tons. 

- Magazine  6 (not  built)  may  be  built  for 
150  tons. 
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5 . 3 Result  of  the  analysis,  stage  2 


As  mentioned  the  conclusions  of  stage  1 were  based 
on  a probability  of  10'^  of  an  explosion.  A 
rough  check  was  made  in  this  stage. 

Stage  2 consisted  of  a very  detailed  and  thorough 
analysis  of  possible  causes  and  probabilities  in 
order  to  get  as  good  confirmation  of  our  earlier 
assumptions  as  possible. 

Fig.  16  shows  the  model  for  the  analysis.  All  the 
different  links  in  the  various  chains  of  events 
were  studied.  The  result  of  the  analysis  is  shown 
in  fig.  17. 

The  conclusion  was  that  the  probability  at  the  time 
of  the  analysis  was  to  high,  but  that  it  can  with 
simple  means  be  lowered  to  an  acceptable  level. 

This  work  will  very  soon  be  finished. 


f 
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.FIG.  1 


DYNO,  CRITERIA  VERSUS  SURROUNDINGS 
Fatality  rate  = 0.1  • 10  ® 

This  is  lower  than  the  risk  of  being  killed  by  fire 
in  Norway. 


MAX.  ALLOWED  AIR 

PRESSURE 

MIN.  DISTANCE  DUE 

TO  FRAGMENTS 

1.  Dwellings 

50  mb 

400  m 

2.  Public  roads 

80  mb 

2/3  x 1 i.e.  270  m 

3 . Shops 

30  mb 

3/2  x 1 i.e.  600  m 

4.  Schools,  churches 

22  mb 

2 x 1 i.e.  800  m 

The  minimum  distance  due  to  fragments  is  based  on  maximum 
1 lethal  fragment  per  56  m2. 

DYNO'S  INTERNAL  CRITERIA 

“8 

Fatality  rate  Pf  = 5 • 10 

This  is  identical  with  the  average  value  for  Norwegian 
industry. 

1.  Departments  who  have  no  connection  with  the 

production  and  storage  of  explosives  50  mb 

2.  Departments  directly  involved  in  production 

and  storage  of  explosives  100  mb 

3.  Production  or  storage  departments  dependant 

on  each  other,  explosives  under  transpor- 
tation, packed  and  protected  explosives  200  mb 

4.  Inside  a production  or  storage  department. 

People  working  inside  buildings  should  not 

be  exposed  to  air  pressure  higher  than  350  mb 

or  to  ground  shock  exceeding  8 g,  velocity 
3 m/sec. 

The  people  should  not  be  exposed  to  fragments. 
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DYNO  INDUSTRIER  A.S 


Building  No.:  A 46 

Function  : Cartridging 

Remote  controlled 
Rollex 

DONOR  PROPERTIES: 

Hax.  allowed  amount 

100  kg 

Equivalent  amount  TNT,  Q : 

90  kg 

Hax.  amount  by  accident  : 

200  kg 

Equivalent  amount  TOT,  : 

180  kg 

Type  of  building,  construction: 

Light  wooden  building  surrounded 
by  mound 

Fragments: 

Distant:  Much 

Nearby  : Little 

Reduction  factor  for  P 

BAX 

due  to 

type  of  building  (50  m distance): 

0.7 

Ruaarka  • conclusion 


Criteria  can  not  b«  fulfilled 


Satis- 

Criteri.j  can  be  fulfilled!  Ifactory 


I 
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FIG.  5 


1.  TNT  PRESS  150  KG 

2.  PETN  DRYING  100  KG 


3 .  DOUBLEBASED  POWDER/ 
DETONATING  CORD 


'fe 


FIG.  7 


VARIOUS  TYPES  OF  PRODUCTION  BUILDINGS 


Convential  light  wooden  building  with  mound.  Built 
until  end  of  1960's. 


Cylindrical  concrete  building.  Roof  of  laminated  wooden 
beams  with  thin  wooden  cover.  Totally  buried.  Built  in 
end  of  1960 's  and  early  1970's. 


Cylindrical  double-walled  steel  houses.  Sand  filled 
between  walls  and  the  roof. 
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EXPLOSIVES  STORE 
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EVENTS 

WHICH  POSSIBILITIES 
EXIST  FOR  AN  EXPLOSION? 


KIND? 


SIZE?  PLACE?  * 
PROBABILITY? 

TNT- EQUIVALENT? 
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EXPOSURE  ANALYSIS 

OBJECTS  IN  THE  DANGER 
ZONE?  NUMBER?  TYPE? 
TIME? 

DEPENDING  ON  THE  TIME 
FOR  THE  EVENT,  WHAT  ARE 
THE  EFFECTS? 
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FIG.  15 


SUMMARY  OF  THE  VALUES  FOR  R__( GROUP  RISK  IF  EXPLOSION) : 


= R VALUE  FOR  THE  PRESENT  ARRANGEMENT.  PROPAGATION 
e 

TAKEN  INTO  ACCOUNT. 


0 = R VALUE  FOR  EACH  MAGAZINE  AT  THE  PRESENT  ARRANGE- 

e 

j MENT  WITHOUT  PROPAGATION. 

I = R VALUE  CURVE  FOR  100  TONS. 

e 
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FIG.  17 
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UP 


HOW  MUCH  SHOULD  WE  BE  WILLING  TO  PAY 
FOR  EXPLOSIVES  SAFETY  ? 


Th.  Schneider 
Basler  4 Hofmann 
Consulting  Engineers 
Zurich,  Switzerland 


Abstract 

It  becomes  more  and  more  accepted  that  safety  considerations  should  be 
based  on  quantitative  risk  predictions.  The  data  and  tools  for  such  pre- 
dictions have  been  improved  considerably  in  the  last  years. 

In  contrast  to  this,  we  still  have  considerable  difficulties  concerning 
the  problem  of  decision  criteria  in  this  field. 

In  this  paper,  a model  is  discussed  which  allows  to  make  consistent  deci- 
sions for  safety  measures.  The  model  is  based  on  the  fact  that  the  safety 
of  any  system  is  basically  determined  by  the  money  we  invest  for  safety 
measures.  As  we  are  always  confronted  with  limited  funds  in  reality,  we 
will  always  attend  only  limited  safety.  This  problem  is  discussed  in  more 
detail  for  the  example  of  fatal  accidents.  Furthermore,  the  fact  is  dis- 
cussed that  striving  for  a constant  risk  level  does  not  bring  us  the  maxi- 
mum possible  benefit  for  our  investments;  we  should  rather  introduce  the 
marginal  costs  for  safety  as  a decision  criterion,  thus  e.g.  the  price  we 
are  paying  to  save  a human  life. 


Paper  presented  to 

Eighteenth  Explosives  Safety  Seminar,  12-14  September  1978 
El  Tropicano  Hotel,  San  Antonio,  Texas,  U.S.A. 


Introduction 


In  recent  years,  it  has  become  more  and  more  accepted  that  safety  problems 
should  be  solved  on  the  basis  of  a prediction  of  the  risks  which  are  invol- 
ved in  an  activity.  According  to  this,  we  can  observe  increasing  efforts 
to  improve  the  technical  data  and  tools  for  such  risk  or  hazard  predictions 
also  in  the  field  of  explosives. 

An  inevitable  consequence  of  such  risk  predictions  is  that  we  realize  very 
clearly  the  following  fact  (figure  1):  Safety  problems  are  a matter  of  two 
questions.  By  predicting  risks  only,  or,  in  other  words,  answering  the 
question  "What  can  happen?",  we  have  not  yet  solved  our  problem.  The  second 
question  "What  do  we  accept?"  is  equally  important  and  by  no  means  easier  to 
answer.  But  when  we  look  at  the  effort  made  until  today  to  answer  these  two 
questions,  we  find  that  .t  is  hardly  balanced.  As  a result  of  this,  we  still 
come  up  with  solutions  for  many  safety  problems  which  - seen  from  a broader 
point  of  view  - are  neither  consistent  nor  economically  optima1. 

In  this  paper,  i would  like  to  present  some  ideas  concerning  the  problem  of 
risk  appraisal  or  safety  decisions.  We  have  started  to  apply  these  ideas  in 
various  safety  problems  in  Switzerland,  among  others  in  explosives  safety. 


How  do  we  express  risk  or  safety? 

Of  course  I have  to  restrict  myself  in  this  short  paper  to  certain  parts  of 
this  wide  problem.  So  I shall  only  speak  about  fatal  accidents  here.  How- 
ever, other  categories  of  damage  - even  accidents  involving  only  property 
damage  - raise  a lot  of  equally  important  questions. 

If  we  look  at  an  activity  which  includes  a fatal  risk  for  the  persons  in- 
volved, this  risk  can  be  presented  as  follows  (figure  ?): 

The  risk  and  therefore  the  safety  of  any  single  individual  involved  in  this 
activity  is  just  a matter  of  its  probability  to  be  killed  in  an  accident. 
The  risk  of  all  the  other  persons  involved  does  not  affect  this  individual 
risk. 
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If  we  plot  the  individual  risk  for  each  person  of  the  group,  e.g.  in  de- 
creasing order  as  you  see  it  in  this  figure,  we  recognize  another  quantity: 
the  risk  of  the  group  as  a whole  which  corresponds  to  the  sum  of  all  indivi- 
dual risks  and  which  is  represented  by  the  area  under  this  curve.  This  group 
risk  is  the  value  we  usually  find  in  our  accident  statistics. 

Thus,  we  find  that  the  risk  of  an  activity  is  characterized  by  two  things: 
the  area  under  the  curve  and  the  shape  of  the  curve.  It  is  easy  to  see  that 
these  are  two  quite  different  aspects  of  a risk  situation.  So  I can  e.g.  keep 
the  area  or  group  risk  constant  and  vary  the  distribution  of  the  individual 
risks  (figure  2a).  This  will  not  change  anything  in  our  accident  statistics, 
but  for  certain  persons  it  can  change  the  individual  risk  level  significantly. 

In  summary,  we  can  say  that  we  will  have  to  look  at  both  the  individual  and 
the  group  risk.  However,  in  this  paper  I will  restrict  myself  to  the  group 
risk  problem  only  and  it  is  important  to  keep  this  in  mind. 


What  is  actually  competing  with  safety? 

So,  if  we  a^e  concerned  with  the  group  risk,  our  task  is  obviously  to  reduce 
the  area  under  this  curve  or  - in  other  words  - the  number  of  fatalities  in 
the  safety  records  of  this  activity  to  an  acceptable  level. 

Well,  why  don't  we  reduce  it  to  zero?  Everybody  who  has  ever  been  confronted 
with  real  projects  will  know  the  answer  to  this  question.  But  let  me  mention 
an  example,  although  I may  not  give  you  the  actual  figures  (figure  3): 

In  Switzerland,  a program  has  been  initiated  to  improve  the  safety  of  the 
large  ammunition  storages.  The  first  step  in  this  program  consisted  in  a 
risk  analysis  of  the  entire  storage  system  as  *'t  existed  at  that  time.  This 
gave  us  a value  Rg  which  is  actually  a prediction  of  the  fatalities  we  ex- 
pect the  system  to  produce  if  we  leave  it  as  it  is. 

In  the  second  step,  we  did  not  yet  worry  about  the  problem  of  acceptable 
risks.  We  just  started  to  think  about  the  measures  which  could  reduce  the 
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existing  risks.  So  we  made  a list  of  all  the  different  possible  measures 
like  structural  improvements,  reduction  of  explosives  quantities,  moving 
ammunition  from  one  storage  to  another  and  so  on.  For  all  these  measures 
it  has  been  investigated  what  effect  they  would  have  In  the  risk  analysis 
ond  what  risk  reductions  they  would  provide.  On  the  other  hand,  it  was 
clear  that  all  these  measures  would  cause  costs.  These  costs  were  compara- 
tively easy  to  estimate.  Now,  we  were  able  to  rank  all  the  measures  accor- 
ding to  their  benefit/cost-  ratio,  and  we  plotted  them  as  indicated  in 
figure  3 with  decreasing  effectiveness. 

What  did  we  realize?  The  degree  of  safety  we  can  achieve  is  basically  a mat- 
ter of  the  money  we  are  investing  for  safety  measures.  Thereby,  it  ‘is  typi- 
cal that  for  increasing  costs  we  obtain  decreasing  risk  reductions  but  that 
at  no  price  we  shall  reach  absolute  safety.  This  is  surely  not  surprising, 
but  the  question  is  now:  which  point  on  this  curve  represents  the  correct  or 
optimal  solution?  This  is  the  problem  we  are  going  to  discuss  here. 


A first  approach  to  our  problem 

In  the  following  example  I would  like  to  demonstrate  a basic  principle  which 
is  decisive  for  the  solution  of  our  problem  (figure  4).  In  this  figure,  three 
systems  are  shown,  each  one  represented  by  a curve  analogous  to  the  curve  we 
have  just  seen  before.  The  three  systems,  e.g.  three  explosives  storages, 
differ  in  the  Initial  risk  and  in  the  shape  of  the  curve  representing  the 
possibilities  for  risk  reductions.  Let's  assume  we  have  to  improve  these 
three  systems. 

What  con  we  do  in  such  a situation?  Normally,  we  would  tend  to  specify  safety 
requirements  more  or  less  explicitly  by  an  acceptable  risk  level;  let's  call 
it  R*.  If  we  now  apply  this  risk  level  to  each  of  our  three  systems,  we  get 
total  costs  of  C*.  This  is  shown  in  figure  4a.  Our  solution  is  now  repre- 
sented by  a residual  total  risk  of  3 x R*  and  total  costs  of  C*. 

The  question  is  now:  is  this  the  best  solution  we  can  obtain  for  our  in- 
vestment C*? 
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Basic  mathematics  tell  us  that  this  is  indeed  not  the  best  solution!  We  can 
see  that  easily  without  mathematics.  In  system  3 we  spend  a big  part  of  our 
money  without  decreasing  the  risk  very  much.  On  the  other  hand,  we  could 
reduce  the  risk  in  system  1 significantly  with  much  less  money.  So,  if  we 
would  transfer  money  from  one  system  to  another,  we  could  improve  the  safe- 
ty of  the  three  systems. 

Not  only  the  mathematicians  but  also  the  economists  know  this  problem  very 
well,  and  many  of  you  have  probably  already  realized  what  the  solution  is. 

Figure  5 shows  this  solution.  It  is  easy  to  understand  and  also  to  prove 
that  we  obtain  the  minimal  risk  for  our  three  systems  if  we  distribute 
our  investment  C*  in  a way  that  the  slope  of  the  three  curves  is  the  same 
in  each  3f  the  chosen  points.  Then,  the  total  risk  Rj  + R£  * R^  is  minimal. 
Now,  we  tannot  transfer  money  from  one  system  to  another  anymore  and  de- 
crease the  total  risk  at  the  same  time. 

Let's  assume  that  we  have  understood  that  the  slope  of  the  risk-cost  curve 
should  be  our  criterion  rather  than  a fixed  risk  level.  But  there  is  one 
thing  we  may  dislike  now:  everybody  will  understand  what  a risk  level  means, 
but  not  necessarily  what  the  meaning  of  this  slope  is.  Let's  look  at  this 
slope  a bit  closer.  We  can  say  that  this  slope  indicates  the  ratio  of  the 
risk  and  the  costs  at  this  point.  The  economists  call  it  the  marginal  costs. 
We  can  say  that  it  is  the  costs  we  pay  per  risk  unit  at  this  particular 
point.  But  what  is  our  risk  unit?  In  the  case  of  fatal  group  risk  which  we 
discuss  here,  it  is  nothing  else  but  one  human  life  saved.  Thus,  our  slope 
has  a very  clear  meaning:  it  is  the  money  we  pay  to  save  a life! 


A second  approach  to  our  problem 

Let  us  now  look  at  our  problem  in  another  way.  The  problem  of  trade-off  bet- 
ween risk  reduction  and  safetycosts  is  often  presented  in  the  way  of  figure  6. 
This  figure  shows  that  if  we  add  more  and  more  safety  measures  to  a system, 
the  expected  damage  will  decrease  and  the  costs  will  increase.  I think  most 
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prooiem. 


In  this  kind  of  figure,  our  attention  is  usually  drawn  to  the  fact  that  the 
sum  of  these  two  curves,  thus  the  total  costs,  has  somewhere  a minimum.  This 
minimum  looks  somehow  very  much  like  the  solution  of  our  problem,  and  in  many 
cases  it  is  with  no  doubt  the  solution. 

If  we  have  e.g.  a transport  company  which  wants  to  find  the  best  maintenance 
policy  for  its  trucks,  this  will  surely  be  a good  way  to  look  at  the  problem. 
The  more  this  company  is  investing  in  maintenance,  the  less  repair  costs  can 
be  expected,  and  it  is  quite  plausible  that  there  will  be  an  optimal  policy 
which  causes  minimal  total  costs.  This  is  a very  common  way  of  thinking  in 
many  economic  problems. 

Bui  probably  you  have  realized  that  in  this  example  a decisive  condition  is 
fulfilled  which  allows  us  to  make  use  of  this  optimization  criterion.  We  can 
of  course  make  the  sum  of  these  two  curves  only  as  long  as  both  curves  are 
expressed  in  the  same  units.  For  the  transport  company  both  the  repair  and 
the  maintenance  costs  will  be  expressed  in  monetary  terms,  and  there  is  no 
problem  in  adding  them. 

Bui  unfortunately  our  problem  does  not  fulfill  this  requirement  (figure  7). 
One  of  our  curves  gives  the  number  of  fatalities  we  have  to  expect  during 
the  lifetime  of  our  system.  The  other  curve,  the  safety  costs,  will  be  ex- 
pressed in  monetary  terms.  Thus,  we  have  the  problem  of  adding  apples  and 
pears . 

Now,  do  we  really  have  to  abandon  our  nice  solution  of  minimal  total  costs 
in  this  situation?  Somehow,  we  have  the  feeling  that  even  if  we  cannot  add 
the  two  units,  the  basic  problem  is  still  the  same.  This  basic  problem  is 
that  we  have  to  make  up  our  mind  in  the  trade-off  between  two  competing 
values.  We  know  that  we  are  not  able  to  pay  an  infinite  price  for  the  safety 
of  our  system,  but  we  also  know  that  for  a limited  price  we  can  hardly  get 
absolute  safety. 


1228 


non-transparent  and  unconscious  negotiation.  But  let  us  assume  that  in  this 
example  people  have  thought  and  discussed  very  intensively  about  this  trade- 
off and  have  agreed  on  a particular  solution  (figure  7a).  Everybody  has 
therefore  agreed  that  investing  more  money  would  not  pay  off,  investing 
less  money  would  result  in  an  unacceptable  risk  situation. 

But  does  this  not  mean  that  at  this  point  we  have  found  tK  balance  between 
our  two  competing  values?  Thus,  if  we  think  in  terms  of  an  ideal  sum  of 
these  two  values,  this  sum  is  obviously  increasing  in  either  direction  from 
this  point.  But  if  we  accept  this  - and  1 think  we  have  to  - we  can  state 
the  following:  there  is  exactly  one  transformation  of  our  fatality  curve 
into  a dollar  curve  which  would  produce  this  solution  as  the  optimal  one 
if  we  add  it  with  the  cost  curve  (figure  7b).  The  trick  how  to  find  this 
curve  consists  in  transforming  the  risk  curve  until  it  has  the  inverse  slope 
of  the  cost  curve  at  the  point  of  the  chosen  solution. 

If  we  now  look  at  our  new  transformed  curve,  we  have  to  realize  that  with 
the  choice  of  our  solution  we  have  done  the  same  as  if  we  had  assigned  a 
certain  monetary  value  to  a human  life.  Or  if  we  look  at  it  the  other  way 
round  by  defining  the  ultimate  price  we  would  pay  to  save  a human  life,  we 
can  transform  our  fatality  curye  into  a dollar  curve  and  easily  find  our 
optimal  solution. 

Well,  we  realize  that  we  end  up  with  exactly  the  same  conclusions  as  in  our 
first  approach.  The  criterion  which  is  the  only  one  that  will  allow  us  to 
make  consistent  decisions  and  get  the  highest  benefit  from  our  invested 
money  is  the  price  - or  rather  the  marginal  costs  - we  are  willing  to  pay 
to  save  a human  life. 


How  much  should  we  pay  to  save  a human  life? 

Now,  as  we  know  what  our  criterion  should  be,  we  would  like  to  know  what  we 
should  pay  to  save  a human  life  in  quantitative  terms. 
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Quite  a lot  has  been  written  about  the  problem  of  putting  a monetary  value 
to  a human  life.  The  fol lowing  figure  shows  that  there  have  been  basically 
three  approaches  (figure  8): 

The  first  approach  is  based  on  purely  economic  considerations  on  an  indus- 
trial management  basis.  Thus,  only  the  costs  resulting  for  a company  from 
fatal  accidents  are  compared  with  the  costs  for  preventive  measures. 

Since  this  first  approach  is  surely  not  quite  satisfactory  from  a higher 
point  of  view,  a second  groupof  approaches  tries  to  assign  a value  for  a 
human  life  by  making overal 1 economic  considerations.  One  of  this  kind  of 
approaches  e.g.  is  based  on  the  lifetime  earnings  of  a person. 

Many  objections  have  been  brought  up  against  these  approaches  and  I per- 
sonally think  that  it  is  really  quite  irritating  to  reason  what  a human 
life  is  worth. 

But  I think  now  that  the  third  approach  1 would  like  to  mention  is  quite 
different  in  this  respect.  Here,  we  do  not  ask  any  longer  how  much  a human 
life  is  worth,  but  we  ask  the  much  more  realistic  question:  how  much  are  we 
willing  to  pay  for  a human  life?  The  example  in  the  last  section  has  shown 
that  we  can  virtually  not  avoid  to  answer  this  question  when  we  decide 
about  projects  and  of  course  also  regulations.  In  the  following,  we  always 
refer  to  this  third  philosophy. 

If  we  now  come  to  the  question  how  high  this  price  should  be,  the  next  pro- 
blem is  whether  we  are  dealing  with  just  one  single  price  in  all  different 
risk  situations.  From  a theoretical  point  of  view  one  might  argue  that  there 
Should  be  no  reason  to  pay  different  prices  for  a human  life  in  different 
situations.  But  a look  at  the  reai  world  reveals  that  our  safety  efforts 
are  actually  quite  different  in  different  areas. 

Well,  I think  it  is  not  our  task  to  change  the  world, but  primarily  to  under- 
stand it.  So,  what  we  tried  in  the  following  model  is  to  explain  our  today's 
behaviour  in  its  tendency  by  finding  out  the  hidden  rules.  This  way  we  try 
to  accept  the  feelings  of  the  people,  but  at  the  same  time  eliminate  the  in- 
consistencies caused  by  lack  of  transparence. 
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Let  me  explain  you  In  the  next  figure  four  categories  of  risks  we  have  de- 
fined (figure  9).  These  categories  seem  to  be  appraised  differently  by  the 
society.  The  governing  parameter  Is  the  relation  between  the  following 
three  groups  of  persons: 

. the  persons  affected  by  the  risk  of  an  activity 

. the  persons  involved  in  an  activity,  thus  having  a direct  benefit  from  it 
. the  persons  responsible  for  the  risk  control 

In  the  first  category,  these  three  groups  are  identical.  Here  we  are  virtu- 
ally talking  of  fully  voluntary  risks.  In  a second  category,  the  three  groups 
are  generally  regarded  as  more  or  less  identical.  Typical  examples  are  most 
of  the  traffic  accidents  and  a large  part  of  the  occupational  accidents.  In 
the  third  category  now,  the  persons  affected  are  still  more  or  less  identical 
with  the  persons  Involved,  but  the  persons  responsible  for  the  risk  control 
are  different.  Examples  for  this  category  are  special  occupational  accidents 
as  we  have  them  e.g.  in  the  explosives  industry  or  in  other  industries  where 
complicated  production  facilities  include  the  possibility  of  ususally  rare 
but  extensive  dangerous  events.  And  finally  in  the  last  category  all  three 
groups  are  not  identical  anymore.  These  risks  are  the  typical  involuntary 
risks,  where  e.g.  people  are  affected  by  risks  of  activities  they  have 
nothing  to  do  with. 

In  figure  10  finally,  now  you  find  a proposition  for  the  actual  values  of  our 
criterion.  This  figure  is  the  result  of  an  evaluation  of  many  different  re- 
search studies  as  well  as  case  studies.  Of  course  I cannot  discuss  here  the 
whole  background  of  this  curve.  You  might  be  astonished  that  these  values  are 
varying  within  such  wide  limits.  But  we  must  be  aware  that  in  this  figure  we 
are  dealing  with  the  whole  range  of  activities  of  our  civilization.  If  we 
look  at  one  specific  activity  which  we  should  be  able  to  locate  quite  easily 
in  this  figure,  there  will  of  course  be  only  one  value  or  at  least  a quite 
narrow  range  for  our  criterion. 

In  figure  10a  I have  plotted  two  points:  one  for  explosives  industry  employ- 
ees and  one  for  third  party  risk  front  ammunition  storage.  One  is  approxima- 
tely 2 Mio  SFrs.,  the  other  10  Hio  SFrs.  per  life  saved.  So,  all  our  safety 
efforts  e.g.  in  explosives  factories  would  be  governed  by  one  value.  This 
value  is  our  criterion  for  consistency  and  guarantees  that  we  achieve  the 

maximum  benefit  for  the  money  we  spend. 
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Of  course,  these  values  must  still  be  regarded  as  propositions  and  there 
should  be  a lot  of  discussions  about  them.  But  1 think  it  is  worth  while 
to  start  working  with  such  hypotheses,  because  this  is  the  only  way  to 
get  the  experience  and  the  feeling  necessary  for  sensible  discussions 
about  the  important  questions  of  safety  criteria. 

★ * 

★ 

We  have  to  add  two  points  at  the  end  of  this  paper  which  have  not  been 
touched  in  the  verbal  presentation  for  reasons  of  simplification. 

The  first  concerns  the  assumption  that  we  are  dealing  with  more  or  less 
predictable  risks.  As  soon  as  risks  are  not  predictable  with  an  acceptable 
degree  of  reliability,  additional  aspects  have  to  be  taken  into  account. 

If  we  mention  the  problem  of  predictability  we' have  to  state  clearly  what 
we  regard  as  predictable  and  unpredictable  risks.  When  talking  about  un- 
predictable risks,  we  think  of  risks  such  as  the  overall  impact  of  the 
nuclear  energy  production  of  the  long  term  effects  (e.g.  genetic  effects) 
of  chemicals  in  our  environment.  On  the  other  hand,  all  risks  of  compa- 
ratively simple  technologies  (e.g.  explosives  technology)  are  regarded 
as  basically  predictable. 

The  second  point  concerns  the  problem,  that  if  we  have  accidents  with  more 
than  one  fatality  at  the  same  time,  the  question  of  non-linear  utility 
functions  has  to  be  considered.  We  refer  here  to  the  basic  theory  of  de- 
cision under  uncertainty.  But  even  if  we  come  to  the  conclusion  that  we 
have  to  introduce  what  is  called  an  aversion  function,  the  ideas  shown 
in  this  paper  would  still  be  valid.  The  difference  would  be  that  we  have 
to  introduce  our  new  utility  unit  instead  of  directly  referring  to  saved 
lifes  as  our  unit. 
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Relation  between  risk  and  costs  for  safety 
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[Best  safety  solution  for  three  systems 
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With  constant  risk  level : R,  ♦ R2  ♦ R3  = 3R* 

— *■  total  costs  : C,  ♦ C2  *03  = C* 


Question:  is  this  the  best  solution  ? 
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For  the  same  total  costs 
— ► we  get  now 
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Solution : same  slope ! 

i.e.  some  marginal  costs! 


m 


Trade-off  between  two  competing  aspects  ^ 


Question:  Is  this  minimum  our  solution? 
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How  much  do  we  pay  for  a human  life  ? 
Three  approaches  : 

• What  costs  does  o fatal  accidents  cause 
for  the  company  ? (e.g.  insurance  premium ) 

• What  is  the  overall  economic  volue  of  a 

human  life  ? (e.g.  lifetime  earnings ) 

• What  are  we  willing  to  pay  to  save  a 
human  life  ? 
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f Four  categories  of  risks 


Parameter  is  relation  between 

• persons  affected  by  the  risks  of  the  activity 
- persons  involved  in  the  activity 

* persons  responsible  for  the  risk  control 


Category 

1 : 

persons 

affected 

- 

persons 

involved 

* 

persons 

responsible 

Category 

2: 

persons 

affected 

persons 

involved 

St 

persons 

responsible 

Category 

3: 

persons 

affected 

- 

persons 

involved 

•b 

persons 

responsible 

Category 

4: 

persons 

affected 

persons 

involved 

* 

persons 

responsible 
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Proposed  limits  for  willingness  - to  - pay 


for  different  risk  categories 


Category  1 
100% 
voluntary 

Category  2 

Category  3 

Category  4 
100% 
involuntary 

decreasing 

voluntariness 

decreasing 
influence  on 
risk  control 

decreasing 
familiarity 
with  activity 
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Proposed  limits  for  willingness- to -pay 
for  different  risk  categories 


Category  1 
100% 
voluntary 

Category  2 

Category  3 

Category  4 
100% 
involuntary 

risk  of 
employees 
in  explosive 
industry 

f 

Third  party 
risk  from 
ammunition 
storages 

r 

/ 



decreasing 

voluntariness 

decreasing 
influence  on 
risk  control 

decreasing 
familiarity 
with  activity 
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HANGFIRE  PROTECTION  AND  CONTAINMENT 


A major  safety  concern  inherent  in  a high  rate  of  fire  gun  system  is  the  danger  of  a hangfsre 
round  and  subsequent  resulting  damage.  As  a brief  explanation,  a hangfire  is  an  ammunition 
defect  in  which  the  action  time  (time  from  strike  to  projectile  muzzle  exit)  exceeds  the 
maximum  specified  time.  In  externally -powered  guns,  this  can  result  in  detonation  of  the  round 
in  the  gun  with  an  unlocked  gun  bolt  or.  if  a longer  delay  occurs,  in  detonation  exterior  to  the 
gun.  In  either  case,  damage  will  occur  to  the  gun  and  feed  system  and  possibly  inflict  damage  to 
the  inside  of  a gun  compartment.  Tliis  is  the  hazardous  concern  and  does  require  some  type  of 
containment. 

In  a typical  20-mm  gun  and  feed  system  installation,  the  probability  of  hangfire  occurrence 
is  said  to  be  quite  low,  with  an  approximate  frequency  rate  of  one  hangfire  in  200.000  rounds. 
Even  with  this  low  probability,  adequate  protection  is  required  to  prevent  possible  damage.  The 
gun  and  round  handling  units  attached  to  the  gun  do  provide  adequate  protection.  They  are 
usually  made  of  steel  or  aluminum  housings  with  internal  steel  guides  and  gates.  The  conveyor 
through  which  the  ammunition  flows,  made  of  steel  round  carriers  guided  through  an  aluminum- 
framed chuting,  does  not  offer  much  protection.  Tliis  is  where  some  additional  containment 
feature  is  needed  to  protect  against  the  exploding  debris  of  a hangfire. 

In  making  a determination  for  protecting  against  hangfire.  an  evaluation  of  both  brass  and 
steel-cased  ammunition  was  conducted.  The  U S.  Military  Services  are  in  the  process  of  changing 
from  brass  to  steel-cased  ammunition  and  it  was  suspected  that  steel-cased  rounds  would  have  a 
more  pronounced  hazardous  effect.  The  relatively  higher  strength  of  the  steel  case  may  allow 
higher  over-pressures,  damage,  and  fragment  velocities.  A test  was  conducted  which  confirmed 
these  suspicions.  Both  a brass-cased  and  a steel-cased  round  were  detonated  within  a piece  of 
flexible  conveyor  chuting.  A large  cardboard  box  was  placed  over  the  test  setup  to  indicate  the 
amount  and  size  of  fragment  penetration  after  detonation  of  the  round.  Many  pieces  of  chute 
and  case  penetrated  the  box  from  the  brass-cased  round.  A similar  amount  of  fragment  penetra- 
tion was  noted  with  the  steel-cased  round  plus  a large  holt  from  the  blast  effect  appeared  on  the 
side  of  the  box.  Through  these  tests  it  was  concluded  that  any  subsequent  testing  should  use 
steel-cased  ammunition,  as  it  appeared  to  result  in  a more  hazardous  condition. 

The  F-I8  Gun  System  was  the  specific  application  in  which  the  development  of  a new 
protective  cover  was  needed.  All  previous  applications  which  required  protective  covers  over 
some  portion  of  the  feed  system  were  developed  and  tested  using  brass-cased  ammunition.  As 
the  F-18  Gun  System  cover  development  concluded,  it  was  recommended  that  previous  programs 
re-evaluate  their  particular  designs  using  steel-cased  ammunition.  In  the  F-18  Gun  System,  fired 
ammunition  leaves  the  port  side  of  the  gun  and  enters  into  the  flexible  conveyor  assembly.  It 
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was  at  this  area  that  a protective  cover  was  needed  to  contain  any  possible  hangfire  rounds.  With 
the  F-18  Gun  System  mounted  in  the  nose  of  the  aircraft,  aft  of  the  radar  package  and  in  front  of 
the  pilot,  many  items  within  the  gun  compartment  are  vulnerable  to  damage  from  a hangfire.  and 
necessitate  a protective  cover. 

In  beginning  the  evaluation  for  the  F*18  protective  cover,  similar  construction  and  material 
were  used  for  the  first  configuration  cover  as  were  used  on  previous  applications.  Four  plies  of 
ballistic  nylon  per  MIL-C-12369  were  used  for  the  first  sample.  Two  grommets  on  one  side  of 
the  cover  were  included  as  pressure  relief  vents.  The  cover  was  placed  over  a section  of  conveyor 
similar  to  the  test  setup  used  for  evaluation  of  ammunition.  A steel-cased  round  was  detonated 
within  this  cover.  The  cover  totally  failed  by  permitting  the  projectile,  case,  and  part  of  the 
chuting  to  exit  through  the  cover,  and  was  deemed  unacceptable. 

To  confirm  the  impact  of  the  steel-cased  ammunition,  a brass-cased  round  was  detonated 
within  a protective  cover  of  the  same  construction.  All  debris  was  contained  within  the  cover 
which  showed  the  lesser  hazard  of  this  type  of  ammunition,  and  that  the  typical  four-ply  nylon 
design  was  adequate. 

The  second  configuration  cover  was  similar  to  the  first  with  the  addition  of  four  i"  x 6" 
nylon  reinforcing  straps  sewn  into  the  case  end  of  the  cover.  A steel-cased  round  was  detonated 
within  this  chute.  There  was  some  seam  and  stitching  failure  and  the  projectile  penetrated  about 
two-thirds  of  the  way  through  the  cover.  However,  all  debris  was  contained  within  the  cover.  This 
design  appeared  to  be  an  improvement  over  the  original  design:  however,  still  considered  some- 
what marginal  due  to  the  stitching  failures  and  amount  of  projectile  penetrations. 

The  third  series  of  tests  included  two  configurations  of  covers.  The  first  w>s  made  of  four 
plies  of  nylon  with  four  extra  plies  over  the  projectile  ard  of  the  cover,  four  grommets  for 
venting  instead  of  two.  and  four  reinforcing  straps.  2”  x 6”.  over  the  case  end  of  the  cover.  The 
second  configuration  was  made  of  four  plies  of  Kevlar  cloth  and  the  same  grommets  and  rein- 
forcing straps  as  the  nylon  configuration.  A steel-cased  round  was  detonated  in  each  of  these  two 
configurations.  With  the  nylon  cover,  some  stitching  failure  was  noted  and  the  projectile  pene- 
trated about  one-half  inch  through  the  cover.  All  debris  was  contained  within  the  cover.  In  the 
Kevlar  cover,  there  was  no  stitching  failure,  the  projectile  penetrated  about  one-half  inch 
through  the  cover,  and  all  debris  was  contained. 

■file  significant  features  learned  from  this  particular  test  were  that  the  nylon  with  the  rein- 
forcing straps  can  contain  the  exploding  round,  the  Kevlar  thread  does  not  fail  and  is  superior  to 
nylon  thread,  and  that  four  grommets  can  be  used  to  provide  more  venting. 
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In  the  final  series  of  tests  to  confirm  the  design  configuration,  two  sample  covers  were 
fabricated.  Four  plies  of  nylon  with  four  additional  plies  in  the  projectile  area,  four  grommets, 
Kevlar  thread  used  throughout,  and  four  reinforcing  straps  made  up  the  final  configuration.  One 
of  the  samples  did  not  have  the  reinforcing  straps.  It  was  felt  that  perhaps  the  Kevlar  stitching 
alone  could  hold  the  cover  together  without  the  additional  straps.  When  the  round  was  deto- 
nated within  this  cover,  the  stitching  did  hold;  however,  the  nylon  failed  at  the  seam  and  per- 
mitted the  case  to  exit  the  cover. 

The  cover  with  the  reinforcing  straps  did  prove  to  be  the  superior  design.  It  contained  all 
debris  without  any  seam  or  stitching  failure . The  projectile  did  penetrate  through  the  cover  by 
about  one-half  inch,  which  was  considered  acceptable.  A second  round  was  detonated  within  the 
same  cover.  Some  evidence  of  unweaving  and  stitching  failure  was  noted,  the  grommets  were 
loosened,  and  the  projectile  did  penetrate  the  cover  by  the  same  one-half  inch.  The  cover  did 
contain  all  of  the  debris.  Although  the  cover  would  have  to  contain  only  one  detonation,  the 
second  detonation  did  strongly  indicate  the  design  to  be  completely  satisfactory  to  contain  a 
hangfire.  The  selection  of  nylon  over  Kevlar  material  was  based  on  cost  and  ease  of  fabrication. 
The  cover  represented  the  lowest  cost,  lightest  weight  design  which  would  provide  the  necessary 
safety  precaution  to  be  used  for  this  application. 

Many  things  were  learned  in  conducting  these  series  of  tests,  particularly  the  greater  hazard 
posed  by  the  steel-cased  ammunition.  In  an  environment  such  as  an  aircraft  gun  compartment, 
an  uncontained  exploding  round  could  do  a great  deal  of  damage  to  vital  components  of  the  air- 
craft. However,  with  a fairly  simple  low-cost  ballistic  nylon  cover,  this  thre?»  can  be  fairly  well 
minimized.  With  the  most  emphasis  placed  on  firing  ammunition  at  c high  rate  of  fire,  the  safety 
aspect  of  those  late  fired  rounds  is  not  being  overlooked. 
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Figure  2.  Ammunition  Test  Setup 


Result  of  Brass-Cased  Round 


I .'Si) 


WITH  STRAPS 


f igure  II.  Results  of  Fourth  Test 
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Figure  1 2.  F I 8 Gun  System  with  Protective  Cover 


"DANGEROUS  LEAD- IN-AIR  CONTENT  PRODUCED  IN  INDOOR  SHOOTING  RANGES" 


CPT  P.  R.  Sul ik,  USAF 
Alaskan  Air  Command 
Elmendorf  AFB,  AK 


INTRODUCTION 


As  a person  who  has  always  been  very  Interested  In  firearms  and  shooting, 

I have  had  the  opportunity  to  fire  weapons  under  many  types  of  conditions.  One 
facility  that  I have  been  using  more  and  more  each  year  Is  the  Indoor  shooting 
range,  especially  when  I wish  to  fire  a handgun.  While  using  these  ranges,  I 
have  always  been  concerned  over  the  quantity*  and  possible  harmful  effects, 
cf  smoke,  lead  particles,  and  especially  lead  fumes.  I knew  that  lead  can  be 
very  harmful  when  Inhaled  or  Inaested  Into  the  body  but  I did  not  know  what 
quantities  would  be  required  In  order  to  reach  the  danger  level.  Even  more 
important,  I did  not  know  If  *:he  le'el  produced  during  Indoor  firing  was,  In 
fact,  high  enough  to  be  harmfil. 

I realized  that  every  range  Is  different  due  to  the  size,  type  of  venti- 
lation system,  and  amount  of  firing.  However,  I did  feel  that  a significant 
problem  might  well  exist,  and  therefore,  I began  to  delve  Into  the  subject. 
Specifically,  I wanted  to  find  out  what  types  of  tests  had  been  conducted  In 
this  area  and  what  findings  had  been  produced. 

I talked  with  various  Indoor  range  personnel  and  was  told  that  Environ- 
mental Health  Services  had  been  studying  this  very  problem.  Subsequent 
conversations  with  Environmental  Health  personnel  revealed  that  a lead-in-air 
problem  does  exist  on  a broad  scale  and  encompasses  both  military  and  civilian 
facilities.  I also  learned  that  only  recently  has  the  required  amount  of 
attention  even  begun  to  be  focused  on  this  problem;  and,  while  many  range 
problems  have  been  Identified  and  corrective  action  formulated.  In  many  cases 
this  corrective  action  has  been  postponed  repeatedly  due  to  lack  of  funds. 

Even  more  distressing,  however.  Is  the  fact  that  responsible  personnel  at 
many  ranges  may  not  even  know  that  a lead-in-air  problem  exists  at  their 
ranges,  and  that  Is  the  reason  for  «\y  report. 

As  a source  of  data,  I chose  to  use  the  results  of  tests  and  studies 
conducted  by  trained  personnel  who  had  the  time,  manpower,  and  facilities  to 
periorm  such  work.  I conducted  no  basic  research  i^yself.  I simply  studied 
the  work  of  others  and  used  their  findings  to  substantiate  ipy  theory  that  a 
problem  exists.  Furthermore,  while  the  researchers  produced  very  detailed 
findings  for  each  range  they  studied  and  provided  their  results  to  a relatively 
small  group,  I wished  to  report  on  all  ranges  In  general  and  to  address  a 
very  large  and  diversified  audience. 


1267 


DANGEROUS  LEAD-IN-AIR  CONTENT  PRODUCED  IN  INDOOR  SHOOTING  RANGES' 


The  purpose  of  this  paper  is  to  help  eliminate  the  health  hazard  of  lead- 
in-air  produced  in  Indoor  shooting  ranges.  To  accomplish  this  goal,  1 would 
like  to  use  a two-step  approach.  First,  and  most  Important,  1 want  make 
appropriate  personnel  aware  of  the  hazard  that  may  exist  In  their  raises,  and 
second,  I would  like  to  offer  some  suggestions  on  how  to  about  correcting 
this  problem. 

Perhaps  It  would  be  best  to  start  by  presenting  a brief  description  of 
how  lead-in-air  Is  produced.  When  a cartridge  is  fired,  the  powder  charge 
produces  very  hot,  expanding  gases  which  propel  or  drive  the  bullet  for- 
ward. These  hot,  burning  gases  produce  an  effect  much  like  a cutting  torch 
and  actually  burn  away  a small  amount  of  the  base  of  the  bullet.  Furthermore, 
as  the  bullet  Is  driven  down  the  barrel,  a tremendous  amount  of  heat  and 
friction  Is  generated  causing  a certain  amount  of  lead  erosion  to  take  place. 
The  final  result  1$  that  the  lead  which  has  been  rubbed  off  the  sides  of  the 
bullet,  plus  the  lead  which  has  been  burned  off  the  base  of  the  bullet,  are 
all  blown  out  of  the  barrel  by  the  expanding  gases.  It  is  this  combination 
of  lead  fumes  and  small  particles  which  constitute  the  lead-in-air  that  Is 
so  harmful  to  the  body. 

Designers  of  Indoor  shooting  ranges  have  always  been  xware  that  this 
problem  existed  to  some  degree.  Therefore,  practically  all  Indoor  ranges 
have  some  type  of  ventilation  system.  The  problem,  however,  Is  that  many 
of  the  ventilation  systems  In  use  simply  are  not  capable  of  accomplishing 
their  purpose.  This  deficiency  Is  usually  due  to  inadequate  capacity  and/or 
Inefficient  design. 

To  be  effective,  the  ventilation  system  must  be  capable  of  circulating 
enough  air  so  that  the  lead-in-air  content  never  exceeds  0.15  milligrams  of 
lead  per  cubic  meter  of  air,  even  during  periods  of  heaviest  firing  activity. 
Testing  at  the  three  ranges  used  as  the  basis  for  this  report,  however, 
produced  the  following  results: 


Lead-1 n-Alr  Content 


Milligrams  of  lead  per  cubic  meter  of  air 
(0.15  mg/«rr  ■ maximum  safe  level  for  a normal  work  day) 

Factor 


Range 

Highest 

Reading 

Lowest 

Reading 

Average 

Reading 

(Average  Reading  Divided) 
Bv  0.15 

«1 

2.63 

0.27 

1.27 

8.5 

12 

7.76 

0.45 

2.69 

18.0 

#3 

6.50 

2.70 

4.95 

33.0 

NOTE:  #1.  At  Range  #2,  the  ventilation  system  was  corrected  In  accordance  with 
the  recommendations  of  the  study  group.  A follow-on  test  then  revealed  that  the 
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lead-in-air  content,  which  had  averaged  2,69  tsg/m^  or  a factor  of  18,  was 
reduced  to  an  average  of  0.07  mg/nr  or  a factor  of  .47. 

NOTE:  12.  It  should  be  noted  that  a lead-in-air  content  of  0.45  mg/m^  Is 
permlssable  for  short  periods  of  time  (2-3  hours)  and  would  not  prove  harmful 
to  personnel  who  only  fire  on  an  Infrequent  basis.  However,  this  level  of 
concentration  could  prove  harmful  to  full-time  range  personnel  who  are  exposed 
on  a dally  basis. 

In  addition  to  being  able  to  circulate  a sufficient  quantity  of  air.  It 
Is  equally  Important  that  the  ventilation  system  be  properly  balanced.  That 
Is,  the  Intake  air  and  the  exhaust  air  must  match.  In  both  volume  and  rate 
of  flow.  In  the  two  ranges  where  the  air  flow  was  measured,  a significant 
Imbalance  was  detected,  as  Illustrated  In  the  following  chart: 

Intake  Air  versus  Exhaust  Air 
(Cubic  Feet  of  Air  Ter  Minute) 

Range  Intake  Air  Exhaust  Air  Difference 

#1  1,012  3.277  2,265 

#2  6,900  4.200  2,700 

A third  and  equally  Important  consideration  in  regard  to  the  ventila- 
tion system  applies  to  the  pattern  of  air  How.  To  be  a truly  effective  venti- 
lation system.  Intake  air  must  enter  the  room  uprange,  flow  past  the  shooters, 
continue  past  the  bullet  trap  area  and  then  be  exhausted  at  the  downrange  end 
of  the  building.  Studies  Indicate  that  the  most  effective  method  Is  to  exhaust 
30i  of  the  contaminated  air  halfway  between  the  shooters  and  the  bullet  trap, 
and  then  exhaust  the  remaining  70S  just  behind  the  bullet  trap.  The  main 
point,  of  course.  Is  to  ensure  a smooth  sweeping  air  flow  which  provides  fresh 
air  to  the  shooters  and  forces  out  contaminated  air  downrange. 

However,  since  correction  of  ventilation  system  Is  often  a lengthy 
process,  several  Interim  solutions  may  be  applied.  The  most  obvious,  of 
course.  Is  simply  to  reduce  the  number  of  shooters  that  are  permitted  to  fire 
at  any  one  time.  By  thus  reducing  the  rate  at  which  lead-in-air  Is  produced, 
even  an  Inadequate  ventilation  system  should  be  able  to  maintain  a safe  environ- 
ment. This  action,  however,  will  require  that  firing  be  conducted  over  longer 
periods  o>  the  day  and  may  even  require  that  some  firing  be  done  at  night  time 
and/or  weekends. 

A second  interim  solution  would  require  that  (copper)  jacketed  bullets 
be  used  Instead  of  lead  bullets.  Comparison  tests  it  one  range  revealed  that 
bullets  made  entirely  o'  lead  produced  two  and  a half  times  as  much  lead-1n-elr 
content  as  jacketed  bullets.  The  primary  reason  for  this  difference  Is  the 
presence  of  the  metal  jacket  which  prevents  lead  erosion  from  the  sides  of 
the  bullet.  Jacketed  bullets,  however,  are  seldom  used  since  lead  bullets 
are  less  expensive,  less  likely  to  ricochet  and  more  readily  available. 
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While  on  th«  subject  of  bullet  designs,  one  type  deserves  special  mention 
due  to  Its  widespread  use.  This  bullet,  called  the  wadcutter,  offers  several 
advantages  which  have  made  It  the  all-time  favorite  for  use  In  Indoor  shooting 
ranges.  Since  wadcutter  amunltlon  Is  designed  primarily  for  target  work,  It 
Is  superbly  accurate  and  very  pleasant  to  shoot  due  to  Its  moderate  recoil 
and  reduced  muzzle  blast.  However,  because  of  the  unique  wadcutter  design, 
which  assures  more  bearing  surface  In  the  bore  of  the  weapon,  these  bullets 
generate  more,  friction  while  moving  down  the  barrel  and  consequently  produce 

more  lead-in-air  than  any  other  type  of  bullet.  Therefore,  use  of  this  am-  i 

munition  should  be  restricted  whenever  It  becomes  necessary  to  reduce  the 
rate  at  which  lead-in-air  content  Is  produced. 


1270 


> 


SUMMARY 


It  Is  probably  safe  to  say  that  a significant  health  hazard  may  well 
exist  at  many  Indoor  shooting  ranges.  To  properly  assess  the  extent  of  this 
hazard,  each  range  must  be  evaluated  on  an  individual  basis.  If  the  ranges 
for  which  you  are  responsible  have  been  tested  and  found  to  be  safe,  they 
require  no  further  attention  other  than  occasional  testing  to  reaffirm  their 
safe  status. 

However’,  If  you  are  not  sure  of  the  status  of  your  ranges,  then  by  all 
means  notify  the  appropriate  personnel  and  request  that  a lead-in-air  content 
test  be  conducted.  The  Environmental  Health  Services  Office  on  your  base, 
or  within  your  area,  1$  probably  the  best  place  to  contact  first.  If  they 
cannot  help  you,  they  will  at  least  be  able  to  refer  you  to  an  agency  that 
c?n  help. 

At  the  three  ranges  mentioned  In  this  report,  a definite  health  hazard 
had  existed  for  an  undetermined  length  of  time.  Yet,  It  was  not  until 
someone  questioned  the  safety  of  the  air  and  requested  that  it  be  tested, 
that  the  problem  was  fully  realized  and  corrective  action  initiated.  In 
fact,  testing  revealed  lead-in-air  content  readings  that  were  8.5,  18,  and 
33  times  the  maximum  safe  level. 

Once  you  have  determined  that  you  have  a lead-in-air  problem  at  your  range, 
the  only  real  solution  Is  to  Install  a proper  ventilation  system.  In  some 
cases,  a modification  of  the  existing  system  may  be  adequate  and  In  other 
cases  Installation  of  an  entirely  new  system  may  be  required.  In  either  case, 
the  same  agency  that  helped  you  Identify  the  problem  should  be  able  to  assist 
you  1r  formulating  a solution. 

When  considering  the  ventilation  system  - remember,  fresh  air  should 
enter  the  room  from  the  uprange  end,  flow  past  the  shooters  and  then  be 
exhausted  from  the  downrange  end.  Intake  air  must  equal  exhaust  air  and  the 
total  volume  circulated  must  be  enough  to  ensure  that  the  lead-in-air  con- 
tent never  exceeds  0.15  mg/m3.  The  effectiveness  of  this  solution  was 
clearly  demonstrated  at  Range  12,  where  Impressive  results  were  achieved.  The 
lead-in-air  content,  which  had  averaged  18  times  the  maximum  safe  level,  was 
reduced  by  974,  simply  by  correcting  the  ventilation  system. 

Until  a proper  ventilation  system  can  be  Installed,  several  Interim 
solutions  may  be  applied.  These  solutions  include  reducing  the  number  of 
shooters  who  are  permitted  to  fire  at  any  one  time,  using  jacketed  bullets 
Instead  of  lead  bullets,  and  restricting  the  use  of  wadcutter  aimunitlon. 

It  must  be  remembered,  however,  that  these  are  merely  short  term  solutions 
and  as  such  do  not  address  the  basic  p'-oblem. 

Hopefully,  this  report  will  help  to  focus  attention  on  a problem  that 
Is  both  dangerous  and  widespread.  Lead-in-air  is  a serious  problem,  but 
It  Is  one  that  can  be  identified  and  corrected  when  responsible  people 
take  the  necessary  action. 


1271 


REFERENCES 


Annual  Industrial  Hygiene  Survey  Regort.,  (7  June  1977),  Elmendorf  Air  Force 
Base,  Alaska 

Industrial  Hygiene  Survey  Report,  (6  March  1975  31  January  1977) , 

(,97M 

Lead  Exposure  at  an  Indoor  Firing  Range,  HEW  Publication  No.  (NIOSH)  7*1-100, 
U.S  Department  of  Health,  Education  and  Welfare,  Cincinnati,  0 


1272 


Safety  Aspects  of  Tagging  Explosives  for 
Post-Detonation  Identification 


Carl  Boyars 
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955  L' Enfant  Plaza,  S.  W. , Suite  4000 
Washington,  D.  C. 


A number  of  bills  have  been  introduced  in  the  House  of  Representa- 
tives and  Senate  of  the  United  States  which  require  the  tagging  of  commer- 
cial explosives  for  detection  and  for  post-detonation  identification  as  an  aid 
in  the  apprehension  of  criminal  bombers.  It  is  possible  that,  at  some 
future  date,  this  requirement  may  be  extended  to  military  explosives  as 
well. 


In  developing  and  evaluating  taggants,  various  aspects  of  compati- 
bility with  the  manufacturing  processes  and  the  performance  of  the  products 
must  be  considered.  Safety  is,  of  course,  a critical  item.  In  this  paper, 
the  test  data  that  have  been  obtained  to  demonstrate  the  safety  of  tagging 
various  explosives  will  be  described  in  detail. 

, Explosives  identification  tagging  refers  to  the  addition  of  tiny  coded 
particles  to  explosives  during  their  manufacture  that  can  survive  detonation, 
be  recovered  and  decoded,  and,  through  distribution  records,  allow  the 
explosives  to  be  traced  back  to  the  last  legal  possessor.  These  tags  are 
incorporated  in  quantities  of  0.  05%  to  0.  1%  by  the  explosives  manufacturers 
into  their  formulations. 

The  taggant  for  post-detonation  identification  which  is  now  being 
evaluated  on  a fairly  large  scale  was  developed  by  the  3M  Company.  The 
identification  code  is  given  by  a multi-layered  particle,  viewed  through  a 
microscope,  in  which  the  layers  differ  in  color  (Figure  1).  Each  color  is 
assigned  a number  corresponding  to  the  electrical  resistor  color  code. 

The  number  of  possible  colored  layer  permutations  is  obviously  quite  large. 

The  regular  3M  taggant  consists  of  a laminated  melaminealkyd  core 
encapsulated  in  polyethylene  wax.  The  core  is  color- coded  by  the  inclusion 
of  various  pigments.  One  of  the  layers  normally  includes  iron  particles  to 
make  the  taggant  magnet-sensitive,  and  one  or  both  exterior  layers  include 
one  of  three  fluorescers  which  respond  to  UV  irradiation.  The  normal 
taggant  core  (unencapsulated)  is  called  a Type  A taggant.  A Type  B taggant 
(unencapsulated),  made  with  melamine-acrylic  resin,  was  tested  in  the 
early  stages  of  taggant  development,  but  this  "hard"  taggant  sensitized 
explosives  while  the  Type  A "soft"  taggant  did  not.  The  Type  A core  en- 
capsulated with  polyethylene  wax  is  called  Type  C.  When  Type  C is 


evaluated  for  use  in  specific  explosives,  both  Type  A and  Type  C<  are  often 
subjected  to  compatibility  tests  because  of  the  possibilities  of  inadvertent 
omission  of  polyethylene  coating  from  the  Type  C or  of  removal  of  the 
polyethylene  coating  at  some  stage  in  the  processing  of  explosives.  The 
most  complete  test  of  chemical  compatibility  of  taggants  with  explosives 
involves  using  "first  article  blends"  of  taggants.  These  consist  of  a mix- 
ture of  three  different  color-coded  taggants  which  include,  among  them, 
al\  the  different  pigments  and  phosphors  as  well  as  the  magnet- sensitive 
additive.  Other  experimental  cores  and  encapsulating  materials  have  also 
been  evaluated  for  3M.  The  test  data  on  Type  A and  Type  C have  always 
shown  that  these  taggants  do  not  increase  the  hazards  of  explosives  proces- 
sing or  handling. 

The  test  methods  used  for  compatibility  evaluations  (sensitivity, 
theimal  stability,  aging,  and  performance)  are  those  used  in  the  explosives 
industry,  although  there  is  a general  lack  of  standardization  between  manu- 
facturers as  to  test  procedures,  apparatus,  and  interpretation.  In  general, 
each  manufacturer  will  want  to  satisfy  himself,  by  test  procedures  he 
selects,  that  a proposed  additive  (i.  e.  , taggant)  is  compatible  with  his 
process. 

A 

The  tests  generally  compare  the  response  of  explosives  (with  and 
without  taggant)  to  the  impact  of  a falling  weight,  to  a sliding  frictional 
type  impact,  to  electrostatic  discharge,  and  to  various  thermal  inputs.  A 
positive  response  to  electrical  or  mechanical  energy  input  may  be  defined 
as  any  evidence  of  reaction  or  as  a defined  extent  of  reaction,  e.  g. , 
explosion.  Test  results  may  be  reported  as  the  energy  level  necessary  to 
give  positive  responses  50%  of  the  time  or  as  the  energy  level  which  will 
give  a single  positive  response  in  10,  20,  or  more  trials  (Threshold 
Initiation  Level  = TIL). 

Thermal  tests  may  consist  of  determining: 

(1)  At  what  temperature  exotherms  occur,  i.e.,  DTA 
(differential  thermal  analysis)  or  DSC  (differential 
scanning  calorimetry); 

(2)  The  rate  of  gas  evolution  at  a given  temperature,  e.g. , 
Taliani  or  Vacuum  Stability  tests; 

(3)  The  time  required  for  a color  reaction  (e.  g. , Abel  test) 
which  Indicates  the  presence  of  nitrogen  oxide  gases,  which 
are  decomposition  products  in  those  explosives  containing 
nitrate  esters,  e.g.,  dynamites  but  not  most  aqueous  gelled 
slurries;  and 
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(4)  The  time  required  for  explosion. 


Tests  of  performance  assure  that  the  explosive  containing  taggant 
functions  as  well  as  the  same  explosive  without  taggant. 

Compatibility  of  taggant  was  measured  with  a number  of  different 
types  of  commercial  explosives:  dynamites;  gelled  aqueous  slurries 
(usually  called  slurries  or  water  gels,  depending  on  the  manufacturer's 
preference);  cast  boosters;  and  black  powder.  The  data  obtained  are 
tabulated  as  follows: 


Table  I Compatibility  of  Type  A Taggant 


(a)  With  dynamites  (and  their  ingredients) 

(b)  With  aqueous  gelled  slurry  explosives  (and  their 
ingredients) 

(c)  With  cast  boosters  (and  their  ingredients) 

(d)  With  black  powder 


Table  II Compatibility  of  Type  B Taggant 


(a)  With  cast  boosters  (and  their  ingredients) 

(b)  With  dynamites  (and  their  ingredients) 

(c)  With  black  powder 


Table  El  Compatibility  of  Type  C Taggant 


(a)  With  dynamites  (and  their  ingredients) 

(b)  With  aqueous  gelled  slurry  explosives  (and  their 
ingredients) 

(c)  With  cast  boosters 


The  Tables  compare  directly  various  explosives  with  and  without 
taggant  added,  subjected  to  a variety  of  tests  of  sensitivity  and  stability  and 
performed  by  a number  of  different  organizations.  Despite  attempts  at 
elegance  in  reporting  test  results  by  some  of  the  organizations,  e.  g. , the 
computation  of  energy  values  in  drop  weight  tests  and  the  computation  of 
force  values  in  friction  tests,  the  absolute  values  have  no  significance 
here;  only  the  relative  values  of  tagged  versus  untagged  explosive  are 
relevant.  It  is  obvious  that  there  are  instances  of  sensitization  by  the 
obsolete  Type  B taggant  but  not  one  case  of  sensitization  or  un stabilization 
in  the  numerous  tests  of  Type  A and  Type  C taggants. 

The  relaxation  time  for  dissipation  of  an  electrostatic  charge 
relates  to  electrostatic  discharge  hazards.  This  parameter  was  measured 
by  Hercules  for  Type  C taggant  and  found  to  be  900  sec.  For  comparison, 
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& 

the  aluminum  powder  which  Hercules  incorporates  in  one  of  its  gelled 
aqueous  slurry  explosives  was  found  to  have  a relaxation  time  of  820 
seconds.  Thus,  the  taggant  properties  in  this  regard  are  quite  similar 
to  those  of  a standard  ingredient  of  explosives. 

Besides  all  this  evidence  of  safety,  it  can  be  mentioned  in  passing 
that  all  tests  of  performance,  of  changes  on  aging,  and  of  manufacturability 
of  the  explosives  have  shown  that  these  taggants  have  no  adverse  effect. 

The  work  reported  has  been  carried  out  under  the  sponsorship  of 
the  Bureau  of  Mines  (Department  of  the  Interior)  and  the  Bureau  of  Mcohol, 
Tobacco  and  Firearms  (Department  of  the  Treasury). 
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With  dynamites  (and  their  ingredients) 
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With  cast  boosters  (and  their  ingredients) 
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- monomethylamine  nitrate;  SN  = sodium  nitratd;  AN  = 
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1.  INTRODUCTION 


The  Department  of  Defense  Explosives  Safety  Board  (DDESB)  is 
conducting  a continuing  program  to  evaluate  the  fragment  hazards 
produced  by  the  accidental  detonation  of  stored  munitions.  In  support 
of  this  effort,  the  Naval  Surface  Weapons  Center  was  funded  in  July  1975 
to  conduct  the  Fragment  Hazard  Investigation  Program.  The  purpose  of 
the  program  is  to  provide  the  DDESB  with  the  necessary  fragmentation 
data  to  improve  or  to  substantiate  the  quantity-distance  (QD)  standards 
for  the  safe  and  efficient  storage  of  stacked  munitions  according  to 
specific  hazard  classifications.  Previous  programs  attempted  to  use 
far-field  fragment  recovery  in  limited  predetermined  a^aas  to  quantify 
the  hazards.  The  current  program  will  use  near-field  fragment  character- 
ization data  to  develop  an  empirical  relation  to  predict  far-field  frag- 
ment density.  The  ultimate  goal  is  to  provide  a methodology  for  the 
determination  of  QD  standards  for  all  hazard  classifications.  The  hazard 
classification  under  investigation  in  this  report  is  the  Mass -Detonating 
Hazard  Materials  (Class  1,  Division  1). 

The  major  effort  of  this  program  to  date  has  been  focussed  on  the 
mass-detonating  Army  M107  155mm  (TNT  loaded)  projectile.  Arena  fragmenta- 
tion tests  of  various  projectile  stacking  configurations  have  been  conducted 
concurrent  with  supporting  analytical  studies.  Fragmentation  data  were 
generated  on  projectile  clusters  which  simultaneously  detonate  and  on  those 
which  detonate  by  means  of  natural  communication.  The  largest  projectile 
cluster  detonated  during  the  test  program  was  the  155iun  projectile  shipping 
pallet  (eight  projectiles). 

This  paper  presents  the  experimental  findings  from  the  static  detonations 
of  M107  155mm  projectiles  (TNT  loaded)  in  various  storage  pallet  configura- 
tions. A fragmentation  model  characterizing  the  simultaneous  detonation  of 
a pallet  of  eight  projectiles,  and  a preliminary  description  of  the  detona- 
tion scheme  for  a pallet  which  detonates  by  means  of  natural  communication 
is  presented.  From  these  experimental  findings  equations  for  far-field 
fragment  densities  and  ranges  have  been  developed  and  are  presented. 

2.  TEST  PROGRAM 

2.1  OBJECTIVE 


The  objective  of  the  test  program  is  to  collect  the  necessary 
fragmentation  data  to  evaluate  the  far-field  fragment  hazards  produced  by 
the  detonation  of  projectiles  stacked  in  typical  storage  configurations. 
In  this  program  the  evaluation  of  the  far-field  fragment  hazards  is  based 
on  close-in  fragmentation  data.  The  fragmentation  data  includes  polar 
and  azimuthal  spatial  reference  for  fragment  weights,  numbers,  velocities 
and  presented  areas. 
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2.2  APPROACH 


The  initial  test  program  was  divided  into  two  major  efforts. 

The  initial  effort  was  a series  of  arena  tests  designed  to  characterize 
projectile  clusters  that  were  simultaneously  detonated.  This  test  series 
began  with  three  repeated  single  round  detonations  in  a fragmentation 
arena.  The  data  from  these  tests  were  compared  with  available  literature 
to  ensure  the  adequacy  of  the  testing  and  data  collection  procedures. 

These  data  were  used  as  baseline  data  for  the  comparison  of  data  from  the 
detonation  of  projectiles  in  a cluster.  The  test  series  continued  with 
the  simultaneous  detonation  of  projectiles  in  increasingly  larger  clusters 
in  fragmentation  arenas.  The  second  effort  was  a follow-on  test  sequence 
based  on  identical  projectile  cluster  configurations,  except,  the  projectile 
clusters  were  detonated  by  means  of  natural  communications.  This  was 
accomplished  by  priming  only  one  projectile  in  the  cluster  configuration. 

The  location  of  the  donor  projectile  was  varied  throughout  the  test  series 
to  investigate  the  effect  on  the  fragmentation  data. 

2.2.1  TEST  METHOD 


For  both  test  series  the  fragmentation  data  were  collected  in 
specially  constructed  fragmentation  arenas.  The  arenas  were  designed  to 
determine  the  fragment  weights,  numbers,  and  velocities  as  a function  of 
polar  and  azimuthal  angle.  Fragment  weight  and  number  data  were  obtained 
by  collecting  the  ejected  fragments  in  a fiber-board  building  material 
marketed  under  the  trade  name  Celotex.  The  Celotex  was  configured  in 
bundles.  A'  x A'  x 8',  and  positioned  in  the  test  arena  according  Vo 
fragment  collection  zone  requirements.  The  fragments  were  extracted  from 
the  Celotex  after  the  test;  cleaned,  weighed,  and  documented  according  to 
spatial  zones.  The  presented  areas  of  the  fragments  were  measured  with 
a planimeter  or  an  Electro-Optic  Icosahedron  gage  depending  upon  fragment 
size.  The  fragment  velocity  data  were  recorded  with  high  speed  motion 
picture  cameras  equipped  with  millisecond  timing  generators.  The  cameras 
recorded  the  detonation  of  the  projectiles  and  the  fragment  scintillations 
on  22-gauge  mild  steel  witness  panels  marked  according  to  the  required 
spatial  zones.  Figure  1 is  a sketch  of  a typical  arena  with  the  steel 
witness  panels  and  Celotex.  During  the  conduct  of  the  test  program,  it 
became  necessary  to  deviate  from  this  arena  design  to  obtain  specific  data. 
For  example,  arenas  were  conducted  with  360®  of  Celotex,  as  well  as,  360* 
of  witness  panels.  The  spatial  requirements  for  each  arena  design  were 
based  on  previous  arena  test  data  and  the  projectile  cluster  configuration 
under  investigation. 

2.2.2  PROJECTILE  CLUSTER  CONFI CURAT IONS 


All  of  the  projectile  cluster  configurations  detonated  through- 
out the  test  program  were  subsets  of  the  standard  shipping  pallet  design. 
The  pallet  consits  of  eight  vertical  projectiles  spaced  seven  inches 
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FIGURE  1 

TYPICAL  FRAGMENTATION  ARENA  LAYOUT 


center-to  center  and  banded  in  a two  by  four  matrix.  The  projectile 
configurations  were  based  on  multiples  of  two  projectiles  for  symmetry. 
This  provided  a one-to-one  relationship  between  fragment  collection 
sectors  and  fragment  velocity  sectors. 

The  projectile  clusters  were  detonated  in  a horizontal  or 
vertical  position  depending  upon  azimuthal  and  polar  zone  requirements. 
For  discussions  in  this  report  a polar  angle  arena  is  defined  as  an  arena 
designed  to  determine  the  fragment  weights,  numbers,  and  velocities  as 
a function  of  polar  angle  with  respect  to  the  axis  of  symmetry  of  a 
horizontal  projectile  cluster.  Likewise,  an  azimuthal  arena  was  designed 
to  collect  the  same  information  as  the  polar  arena  except  as  a function 
of  azimuthal  angle  with  respect  to  the  axis  of  symmetry  of  a vertical 
projectile  cluster. 

2.3  SIMULTANEOUS  DETONATION 


The  single  round  and  the  nine  multiple  round  projectile  con- 
figurations shown  in  Figures  2 and  3 were  used  to  collect  the  fragmentation 
data.  Each  cluster  configuration  was  assigned  a specific  identification 
number  and  simultaneously  detonated  in  either  a polar  or  azimuthal  angle 
arena.  The  clusters  were  tested  in  the  order  presented  in  Figures  2 and  3, 
from  left  to  right,  then  top  to  bottom.  The  space  between  any  two  adjacent 
projectiles  was  defined  as  the  interaction  area.  An  example  of  the  geo- 
metric boundaries  designated  as  the  interaction  areas  (IA)  for  configuration 
QD-155-04  is  shown  in  Figure  2. 

2.3.1  DETONATION  SCHEME 

For  the  cluster  configurations  that  were  simultaneously 
detonated  all  of  the  projectiles  were  primed.  Simultaneity  was  achieved 
by  using  equal  lengths  of  DuPont  49  grain  per  foot  detonating  cord.  The 
detonating  cord  was  fashioned  into  the  harness  initiation  device  shown 
in  Figure  4.  Each  leg  of  the  harness  was  crimped  with  a DuPont  P-3 
detonator  and  positioned  in  a modified  U.  S.  Army  M564  PD  nose  fuze. 

The  entire  arrangement  was  assembled  on  the  projectile  cluster  and  re- 
motely Initiated  by  detonating  a Hercules  Vibrodet  HC-15  blasting  cap  at 
the  harness  junction. 

2.3.2  OBSERVATIONS 


As  stated  before,  the  interaction  area  is  defined  as  the  space 
between  any  two  adjacent  projectiles  in  a projectile  cluster  configuration. 
This  spacing  was  maintained  throughout  the  tost  series  at  the  shipping 
pallet  design  of  seven  Inches  center-to-center. 

After  the  conduct  of  several  fragmentation  arenas,  it  became 
obvious  that  the  interaction  areas  would  be  a contributing  factor  in 
far-field  fragment  distribution.  These  areas  were  generating  fragment 
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HARNESS  INITIATION  DEVICE  FOR  FULL  PALLET  CONFIGURATION 


concentrations  at  extremely  high  velocities  (6000  ft/sec  to  8700  ft/sec) 
as  compared  to  single  round  fragmentation  data.  An  example  of  these  high 
velocity  jets  is  shown  in  Figure  5.  These  data  were  recorded  at  a 25  ft. 
stand-off  from  the  simultaneous  detonation  of  a full  pallet  of  eight 
projectiles.  The  azimuthal  location  at  180°  is  the  interaction  area 
located  at  one  end  of  the  pallet.  The  270°  location  is  a combination  of 
the  three  interaction  areas  on  one  side  of  the  pallet.  In  both  locations 
the  impact  points  of  the  concentrations  show  no  signs  of  angular  shifts 
and  fragment  velocities  in  excess  of  8000  ft/sec  were  recorded.  For  all 
other  locations  outside  the  interaction  area,  the  magnitude  of  fragment 
velocities  was  similar  to  a single  round  detonation. 

2.4  NATURAL  COMMUNICATION 


This  testing  effort  is  currently  in  progress.  The  projectile 
cluster  configurations  shown  in  Figure  6 were  used  to  collect  the  frag- 
mentation data.  To  date,  two  repeated  firings  of  the  four  configurations 
have  been  conducted  in  azimuthal  arenas  consisting  of  360°  of  mild  steel 
witness  panels.  Also,  the  four-porjectlle  configuration  was  detonated  in 
an  azimuthal  arena  consisting  of  360°  of  Celotex,  and  the  full  pallet 
configuration  number  3 was  detonated  in  an  azimuthal  arena  consisting  of 
180°  of  Celotex  and  witness  panel. 

2.4.1  DETONATION  SCHEME 


The  detonation  by  means  of  natural  communication  was  achieved 
by  priming  only  one  projectile  in  the  cluster  configuration.  A Hercules 
Vibrodet  HC-15  blasting  cap  assembled  in  a modified  U.  S.  Army  M564  PD 
nose  fuze  was  used  for  the  detonation.  For  all  tests  to  date,  all 
projectiles  detonated. 

2.4.2  OBSERVATIONS 


In  this  test  series  the  high  velocity  fragment  concentrations 
being  generated  at  the  interaction  areas  were  found  to  have  an  appreciable 
angular  shift  in  the  azimuthal  impact  points.  This  was  expected  since 
the  detonation  scheme  was  not  simultaneous.  At  the  completion  of  the  360s 
witness  panel  tests,  the  fragment  hole  count  data  showed  that  the  azimuthal 
shifts  were  completely  predictable  and  depended  upon  the  primed  projectile 
location.  The  angular  shifts  fall  into  three  categories  as  follows: 

(a)  A shift  of  approximately  eleven  degrees  which  occurs  when 
two  adjacent  projectiles  are  non-simultaneously  detonated  by  a third 
projectile.  The  width  of  the  concentration  is  approximately  35  degrees. 

(b)  A twenty-eight  degree  shift  which  results  when  a pro- 
jectile detonates  a single  adjacent  projectile.  The  width  of  the 
concentration  is  approximately  45  degrees. 
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PROJECTILE  CLUSTER  CONFIGURATIONS 


(c)  No  shift  in  the  concentration  occurs  when  two  adjacent 
projectiles  are  simultaneously  detonated  by  another  source.  The  width 
of  the  concentration  is  approximately  35  degrees. 

Figure  7 illustrates  the  concentration  locations  for  a 
full  pallet  detonation.  The  largest  number  of  fragments  appear  to  come 
from  the  end  of  the  pallet  farthest  from  the  detonation  source  (projectiles 
number  4 and  5).  Additionally,  fragments  from  the  interior  of  the  pallet 
appear  to  be  escaping.  This  is  evidenced  by  the  concentration  formed  at 
315°  which  is  apparently  from  the  simultaneous  detonation  of  projectile 
numbers  2 and  8. 

3.  ANALYSIS  OF  RESULTS 

3.1  FRAGMENTATION  MODEL 


The  experimental  findings  from  the  simultaneous  detonation 
of  multiple  projectiles  were  used  to  develop  a fragmentation  model. 

Detailed  comparisons  of  the  data  from  this  test  series,  as  well  as  other 
available  literature,  led  to  several  observations.  The  first  of  these  is 
that  the  abundance  of  data  from  these  tests  is  not  sufficient  to  validate 
a model  of  the  simultaneous  detonation  of  a group  of  projectiles  for  the 
entire  polar  region  of  interest  (polar  zones  0°  - 180°).  However,  there 
is  sufficient  data  for  polar  zones  80°  to  110°  to  develop  a relatively 
simple  model.  The  model  characterizes  the  simultaneous  detonation  of 
groups  of  two,  four  and  eight  projectiles. 

A detailed  step-by-step  verification  of  the  model  has  been 
documented  in  the  NSWC  Technical  Report  No.  TR-3664  and  will  not  be 
presented  in  this  paper.  However,  the  basic  model  assumptions  are  pre- 
sented, as  well  as,  MOTT  Plots  and  Fragment  Ballistic  Density  data  for 
reference.  A sketch  of  the  geometric  boundaries  pertinent  to  the  model 
description  is  shown  in  Figure  8.  The  basic  model  assumptions  for 
simultaneous  detonation  are  as  follows: 

(a)  The  metal  in  the  shaded  area  (interior  casing  In  Figure  8) 
does  not  enter  into  the  fragment  distribution  but  is  instead  trapped  in 
the  interior  area. 

(b)  The  available  metal  weight  outside  of  the  interaction  area 
(Area  B in  Figure  8)  will  be  equal  to  the  metal  weight  from  an  equivalent 
area  of  a single  projectile  and  will  display  fragment  velocities  similar 
to  that  of  a single  projectile. 

(c)  The  available  metal  weight  of  the  interaction  area  (Area  A 
in  Figure  8)  will  be  concentrated  in  a narrow  beam  (approximately  30°  wide) 
with  fragment  velocities  larger  than  those  of  a single  projectile  and  will 
be  equal  to  the  metal  weight  from  an  equivalent  area  of  a single  projectile. 
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fragmentation  model  boundaries 

FOR 

SIMULTANEOUSLY  DETONATED  PROJECTILE  CLUSTERS 


(d)  The  slope  of  the  fragment  weight  number  curves  (MOTT  Plot) 
for  areas  A and  B of  Figure  8 will  approximate  the  slope  of  the  single 
projectile  weight  number  curve.  A MOTT  Plot  comparison  is  shown  in 
Figure  9. 


(e)  The  average  ballistic  density  of  the  fragments  from 
Areas  A and  B will  be  similar  to  the  average  ballistic  density  of  fragments 
produced  by  a single  projectile.  A comparison  of  the  ballistic  density 
curves  is  shown  in  Figure  10. 

A simple  fragmentation  model  has  not  been  developed  for 
the  natural  communication  detonation  tests.  However,  preliminary  review 
of  the  test  data  indicates  that  some  of  the  large  fragments  (2  pounds 
and  greater)  trapped  within  the  shaded  area  of  Figure  8 in  the  simul- 
taneous tests  are  being  propelled  out  of  the  pallet.  The  average  ballistic 
density  of  the  fragments  also  appears  to  be  similar  to  that  of  a single 
round . 

3.2  ANALYSIS  OF  TEST  DATA 


The  test  data  were  analyzed  in  order  to  develop  an  emperical 
relation  to  predict  far-field  density.  The  development  was  based  upon 
relations  which  characterized  the  fragment  shape  (Number-Gamma  distribu- 
tion) and  the  fragment  range  (two-dimensional  particle  trajectory  model). 

3.2.1  NUMBER-GAMMA  DISTRIBUTION 

Figure  11  presents  a plot  of  the  fragment  number-gamma 
distribution  for  both  simultaneous  and  natural  communication  tests.  The 
similarity  of  the  curves  lead  to  the  development  of  the  following  relation: 

M'h 

N(y  > Yj)  - N0e  \yj  (1) 


where  N0  * constant  of  proportionality  (dimensionsless) 

M * slope  of  the  line  (lb/in2) 

Values  of  N0  are  presented  below: 

No 

5.83  x 10* 
8.18  x 105 


Configuration 


Detonation  Scheme 


Full  Pallet 
Full  Pallet 


Simultaneous 
Natural  Communication 
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3.2.2  FRAGMENT  RANGE 


A good  approximation  for  the  range  of  individual  fragments  is 
provided  by  a two-dimensional  particle  trajectory  model.  Figure  12 
presents  typical  results  of  the  model  for  several  Gammas  as  a function 
of  ejection  angle.  The  maximum  fragment  range  is  obtained  for  ejection 
angles  between  5°  and  45°.  A good  fit  to  the  data  for  this  range  of 
ejection  angle,  Gamma  between  2.0  to  20.0  in2/ib  and  initial  velocities 
of  3000  to  10000  ft/sec  is  provided  by 

R - 7920  (l^5o)  0 • 2 75y  [o . 18  -lj  (2) 

where  R ■ range  (ft) 

V ■ velocity  (ft/soc) 

Substituting  the  velocity  of  interaction  area  fragments  (8700  ft/sec) 
into  equation  (2)  yields 

R - 14358  Y-°-901  (2a) 

or  solving  for  Y 

Y - 41100/R1,11  (2b) 

3.2.3  FRAGMENT  DENSITY 

Substituting  equation  (2b)  into  equation  (1)  yields 
_KlR ,0.37 

N(R>Rj)  - No  e (3) 

where  N(R>Rj)  - number  of  fragments  with  range  R greater  than  Rj  in 
an  area  of  one  degree  width 

K}  - constant  devrluped  from  the  test  data 

Equation  (3)  provides  a relation  for  the  number  of  fragments  as  a function 
of  the  experimentally  developed  constant  N0.  If  it  is  assumed  that 

N0  " Nia  NqA  (4) 

where  Nja  ■ number  of  interaction  areas 

Nqa  ■ N0  per  interaction  area 
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TYPICAL  FRAGMENT  RANGE  DATA 
PROVIDED  BY  PARTICLE  TRAJECTORY  MODEL 


Equation  (3)  becomes 


N(R>Ri) 


NIA  noa  e 


-Kl  Rl 


0.37 


(5) 


The  desired  relation  for  fragment  density  is  of  the  form 


dN  _ dN  dR 
dA  " dR  dA 


(6) 


where 


dN 

dA 


number  of  fragments  per  unit  area 


Dropping  the  subscript  from  R and  differentiating  equation  (5)  yields 


dN  _ 0.37R0,63  NIA  Noa  e*1  R 
dR  " 


0.37 


(7) 


The  area  of  one  degree  of  azimuth  angle  is 


or 


dA 

dR 

dA 


2irRdR 

360 

57.3 

R 


(8) 

(8a) 


Substituting  equation  (7)  and  *8a)  into  equation  (6)  yields  the  final 
relation 


dN 

dA 


,-19'4  nianqa 

b1.63 


eRl  R 


0.37 


(9) 


The  accuracy  of  equation  (9)  can  be  evaluated  by  comparing  the 
predicted  fragment  density  to  the  actual  fragment  density  for  the  155mm 
projectile  test  ESKIMO  I.  Figure  13  compares  the  results  of  equation  (9) 
using  Nqa  for  a full  pallet  of  155m  projectiles  detonated  simultaneously 
to  the  actual  ESKIMO  I collection  data  for  a row  of  275  projectiles 
(Nia  " 274). 

It  should  also  be  realized  that  equation  (9)  predicts  the  density  of 
all  fragments  whether  hazardous  (terminal  kinetic  energy  i 58  ft-lb)  or 
not.  A useful  relation  can  be  developed  from  the  equations  for  terminal 
velocity  in  free  fall  and  kinetic  energy  to  define  a hazardous  fragment. 
It  is 


WHAZ  " 198. 63y 


(10) 


where  V\UiZ  - weight  of  a hazardous  fragment  (grains),  Figure  14 
presents  the  results  of  applying  equation  (10)  to  the  test  data  and 
plotting  the  percent  of  hazardous  fragments  as  a function  of  gamma  and 
range.  It  is  obvious  from  the  plot  that  the  majority  of  far-field  fragments 
(R>2300  ft)  will  be  hazardous. 
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FIGURE  13 

COMPARISON  OF  PREDICTED  FRAGMENT 
DENSITY  TO  THE  ESKIMO  1 TEST  RESULTS 
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3.2.4  IMPLICATIONS  OF  THEORY  UPON  EXISTING  QD  CRITERIA 


The  equation  developed  above  implies  that  an  important  deter- 
minant of  fragment  density  is  the  configuration  of  the  stack  (i.e.,  the 
number  of  potential  interaction  areas) . In  order  to  determine  the  impact 
of  the  theory  upou  the  existing  KWgx*/3  criteria  it  was  decided  to 
compare  the  predicted  fragment  density  for  a stack  of  projectiles  in 
different  stack  configurations  to  the  existing  QD  criteria  for  the  same 
size  stack. 


The  stack  configurations  used  for  5000  155mm  projectiles 
(75000  lbs  TNT)  are  presented  below: 

MAXIMUM 


LENGTH 

STACK  CONFIGURATION 
WIDTH 

HEIGHT 

NUMBER  OF  POTENTIAL 
INTERACTION  AREAS  (Nia) 

250 

20 

1 

249 

500 

10 

1 

499 

1000 

5 

1 

999 

Figure  15  presents  the  results  of  equations  (9)  and  (10)  for  these  stack 
configurations  and  using  NoA  from  the  full  pallet  natural  communication 
test  (NoA  ■ 8.18  x 105) . Using  Figure  15  to  compare  the  densities  to  the 
existing  QD  criteria  of  1685  feet  (75000  lbs  of  explosive)  shows  that  the 
existing  blast  criteria  (KWgx1^)  for  inhabited  buildings  may  underestimate 
the  fragment  hazards. 

3.2.5  OBSERVATIONS 


The  test  program  and  concurrent  analytical  effort  provides  a 
methodology  which  can  be  used  to  determine  the  far-field  fragment  hazards 
produced  by  the  detonation  of  a pallet  of  155mm  projectiles.  Specifically, 
it  is  apparent  that  the  interaction  areas  possess  a greater  potential  for 
excellent  agreement  of  the  predicted  fragment  density  with  the  ESKIMO  I 
test  data  Indicates  that  small-scale  testing  may  be  used  to  obtain  quantity- 
distance  data. 

4.  CONTINUING  EFFORT 


It  is  planned  to  continue  the  test  and  analysis  effort  to  determine  if 
the  theoretical  framework  developed  for  the  single  pallet  can  be  applied 
to' multiple  pallet  stacks.  A series  of  tests  will  be  conducted  to  collect 
far-field  fragment  data  from  large  stacks  of  155mm  projectiles. 

Tests  of  Non-Mass  Detonating  ammunition  (Class  1,  Division  2)  have 
recently  been  started  to  gather  far-field  fragment  data.  Pallets  of  40mm 
AA  and  105ma  cartridges  are  being  subjected  to  bon-flre  tests.  Fragments 
from  the  tests  are  being  collected  and  analyzed  to  determine  the  potential 
fragment  hazards. 
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FIGURE  15 

HAZARDOUS  fragment  density 


ESKIMO  TEST  RESULTS  AND  PLANS 


T.  A.  Zaker 

Department  of  Defense  Explosives  Safety  Board 


ESKIMO  V 

ESKIMO  V was  the  fifth  in  a series  of  explosion  tests  of  full-scale  earth- 
covered  magazine  structures  conducted  at  the  Randsburg  Wash  Test  Range, 

Naval  Weapons  Center,  China  Lake,  California.  The  test  took  place  on 
17  August  1977. 

Objectives 

The  objectives  of  ESKIMO  V were  to  justify  eliminating  concrete  thrust 
beams,  a costly  structural  feature,  from  the  design  of  the  oval  steel-arch 
igloo.  Office,  Chief  of  Engineers  Drawing  33-15-73;  to  confirm  the  safety 
of  applying  current  side-to-side  igloo  separation  distances  to  concrete- 
arch  igloos,  which  had  never  been  tested  at  such  small  separations;  and 
tc  demonstrate  once  again  at  full  scale  the  blast  suppressing  characteristics, 
and  consequently  the  greater  safety,  of  earth-covered  storage  compared  with 
aboveground  storage. 

Test  Structures 


Two  test  structures  were  subjected  to  explosive  blast  loading  approxi- 
mating that  from  explosion  of  the  contents  of  an  earth-covered  magazine  at 
the  minimum  side-to-side  distance  permitted  by  standards.  Formerly  existing 
concrete  thrust  beams  were  removed  from  the  oval  steel-arch  magazine  remaining 
from  previous  ESKIMO  tests,  and  the  earth  fill  was  replaced.  This  magazine 
had  been  tested  with  thrust  beams  in  ESKIMO  III,  with  a 24-m  long  donor  igloo 
containing  159,000  kg  of  tritonal  in  Ml 1 7 (340-kg)  bombs.  Permanent  defor- 
mation sustained  by  the  oval  arch  in  ESKIMO  III  was  so  slight  as  to  permit 
retesting  without  rebuilding  the  arch. 

The  light-gage  steel  arch  acceptor  igloo  northwest  of  the  site  of  the 
ESKIMO  III  donor,  significantly  damaged  in  that  test,  was  demolished. 

Near  the  same  site  a noncircular  concrete  arch  (Freloc)  magazine  was  con- 
structed in  accordance  with  U.S.  Army  Engineer  Command,  Europe  Drawing 
33-15-13.  This  magazine  has  a cross  section  similar  to  the  oval  steel 
arch  and  may  be  economically  competitive  with  it  in  some  localities. 

The  cross  section  consists  of  a shallow  elliptical  arch  supported  on 
vertical  side  walls.  Concrete  arches,  however,  had  never  been  tested  at 
the  smallest  igloo  separations  permitted  by  standards.  The  current 
distances  had  essentially  all  been  established  in  tests  of  steel-arch  igloos. 


Explosion  Source 


A hemispherical  stack  built  up  of  3.6-kg  TNT  demolition  blocks,  near 
the  site  of  the  ESKIMO  III  donor  igloo,  was  utilized  without  any  earth 
cover  as  the  explosion  source.  The  stack  was  sized  and  positioned  to 
produce  peak  overpressure  and  impulse  equal  to  the  values  measured  in 
ESKIMO  III  on  the  surface  of  the  earth  cover  of  the  acceptor  magazines  to 
either  side  of  the  donor.  The  average  values  of  pressure  and  impulse 
measured  at  the  surface  of  the  earth  cover  over  the  centerlines  of  the 
ESKIMO  III  acceptor  igloos  were  6 bars  and  45  bars-ms,  respectively. 

Approach 

Model  tests  and  analysis  conducted  by  the  Ballistic  Research  Laboratory 
were  directed  toward  determining  the  size  and  position  of  the  aboveground 
hemispherical  charge  required  to  produce  the  same  loadings  on  the  acceptor 
igloos  as  did  the  ESKIMO  III  donor. 

These  model  simulations,  using  cast  pentolite  hemispheres  at  1/30 
linear  scale,  showed  that  a 34,000-kg  TNT  hemisphere  located  midway 
between  the  two  acceptor  igloos  with  their  centerlines  94.5  m apart  would 
produce  air  blast  loadings  that  match  quite  closely  the  pressures  and 
impulses  measured  in  ESKIMO  III  on  the  surface  of  the  earth  cover  and  side 
filx  of  the  acceptor  structures  in  that  test.  The  comparison  between  the 
scale-model  experiments  and  ESKIMO  III  is  reported  in  another  paper  at 
this  Seminar.*  The  ESKIMO  V test  area  layout  is  shown  in  the  accompanying 
diagram. 

In  addition  to  extensive  blast  loading  and  arch  response  measurements 
on  the  test  structures,  free-field  blast  measurements  were  made  for  purposes 
of  comparing  thfj  blast  output  of  the  ESKIMO  V explosion  source  with  the 
standard  pressure  and  impulse  curves  for  aboveground  hemispherical  charges. 

A related  purpose  was  to  reveal  the  existence  of  any  anomalies  of  the  blast 
field  in  directions  of  interest. 

Results 


The  explosion  source  performed  as  anticipated  from  the  model-scale 
experiments  conducted  beforehand.  A crater  about  25  m in  diameter  was 
formed.  Blast  measurements  on  the  surface  of  the  earth  fill  over  the 
centers  of  the  acceptor  arches  yielded  good  agreement  with  the  predictions 
of  the  model  tests.**  The  aboveground  hemisphere,  consisting  of  34,000  kg 
of  explosive,  produced  the  same  levels  of  air  blast  overpressure  and  impulse 
on  acceptors  47  m from  its  center  as  did  nearly  five  times  that  quantity 


* C.  N.  Kingery,  "Blast  Parameters  from  Munition  Storage  Magazine  Model 
Studies,"  Minutes,  I8th  Explosives  Safety  Seminar,  September  1978. 

**  Kingery , ibid. 
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(160,000  kg)  under  earth  cover  in  ESKIMO  III,  with  only  35  m between  donor  jp 

and  acceptor  magazine  centerlines. 

Permanent  deformations  of  the  steel  and  concrete  arches  were  not 
visible  to  the  unaided  eye,  but  were  readily  measurable.  Relative  to  the 
centerline  of  the  floor  of  each  igloo,  the  maximum  inward  radial  movement 
in  the  midsectional  plane  occurred  at  the  arch  crown.  In  the  steel  arch 
the  incremental  downward  permanent  deflection  was  about  5 cm,  while  in  the 
concrete  arch  it  was  about  half  that  value.  There  was  no  significant  spalling 
or  material  loss  from  the  inside  surface  of  the  concrete  arch  or  side  walls, 
except  for  minor  chipping  from  joints,  such  as  that  between  the  floor  slab 
and  the  side  wall.  Local  spalling  occurred  from  the  inside  face  of  the 
headwall  of  the  concrete  igloo  near  the  door  opening,  evidently  due  to 
bending  of  the  slab  caused  by  blast  forces  acting  on  the  pilaster  projecting 
forward  of  the  outside  face  of  the  headwall  at  the  side  of  the  door  opening 
toward  the  donor. 

ESKIMO  V demonstrated  an  ample  margin  of  safety  against  catastrophic 
collapse  of  both  the  thin-shell  concrete  arch  and  the  oval  steel  arch  with 
thrust  beams  omitted,  under  air  blast  loading  on  the  surface  of  the  earth 
fill  above  equivalent  to  that  from  explosion  of  the  contents  of  a full-size 
magazine  at  the  minimum  side-to-side  separation  distance  permitted  by 
standards. 

ESKIMO  VI 


A sixth  test  in  the  ESKIMO  series  Is  being  planned.  Its  objective  will  be 
to  evaluate  the  explosion  resistance  of  flat-roofed  earth-covered  reinforced 
concrete  construction  characteristics  of  magazines  used  by  the  U.S.  Navy  for 
storage  of  smokeless  powder,  projectiles,  and  missiles.  Such  magazines 
consist  of  three  or  more  bays,  the  concrete  slab  roof  being  supported  on 
interior  columns  and  covered  with  a uniform  thickness  of  earth.  There  is 
no  adequate  basis  at  the  present  time  for  allowing  these  magazines  to  be 
located  at  the  minimum  separation  distances  permitted  between  standard 
tested  magazines.  Large-scale  testing  thus  far  has  been  confined  to  steel 
and  concrete  magazines  of  fhe  arch  type,  an  inherently  strong  structural 
form.  Concern  has  been  expressed  by  some  authorities  for  the  safety  of 
large,  flat  roof  spans  on  isolated  interior  supports. 

Large  multibay  magazines  are  needed  for  the  storage  of  missile  motors 
filled  with  detonable,  high-energy  solid  propellant.  Current  design  studies 
aimed  at  modifying  these  magazines  to  accommodate  large  motors  have  raised 
the  question  of  the  applicability  of  minimum  separation  distances,  asso- 
ciated with  high  levels  of  potential  blast  loading,  to  this  type  of  magazine. 
On  the  other  hand,  it  is  possible  that  the  design  techniques  do  not  ade- 
quately allow  for  the  suppression  of  blast  by  earth  cover,  and  testing  may 
justify  significant  economies  in  the  strengthened  versions  of  these 
magazines.  Earth-covered  roultibay  structures  may  also  prove  economical  as 
explosion-resistant  buildings  for  other  potential  applications  such  as 
ammunition  manufacturing  facilities. 
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Participants 


ESKIMO  VI  will  be  sponsored  jointly  by  the  U.S.  Navy  and  the 
Department  of  Defense  Explosives  Safety  Board  (DDESB) . It  is  expected 
chat  the  test  will  be  conducted  in  1979  at  the  site  of  previous  ESKIMO 
tests  at  the  Naval  Weapons  Center  (NWC).  The  detailed  design  of  the  test 
vill  be  developed  in  a design  study  to  be  performed  by  the  Navai  Civil 
Engineering  Laboratory  (CEL)  under  DDESB  sponsorship. 

The  test  design  study  will  be  supported  by  small-scaie  model  experiments 
sponsored  by  DDESB  at  the  U.S.  Army  Ballistic  Research  Laboratory  (BRL) . 
These  model  tests  vill  be  conducted  to  determine  the  blast  loadings  to 
which  large  flat-roofed  magazines  would  be  subjected  from  an  explosion  in 
one  of  them,  at  the  minimum  sefaration  distances  now  permitted  for  earth- 
covered  arch-type  igloos.  Model  tests  will  also  be  conducted  to  simulate 
specific  alternative  test  area  layouts  recommended  in  the  design  study, 
in  order  to  verifv  *-.iat  blast  loadings  in  the  test  will  approximate  actual 
field  conditions. 

TEST  DESIGN  CONSIDERATIONS 

The  test  design  study  wj.11  result  in  a lacommended  scale  of  the  ESKIMO 
VI  test  (whether  to  conduct  i*  st  full  scale  or  at  some  reduction  from 
full  scale  in  the  interest  of  economy).  It  will  lend  to  a design  for  the 
explosion  source  or  donor,  and  will  specify  an  optimum  layout  of  test 
structures.  Recommendations  will  he  made  for  instrumentation  to  be 
installed  in  the  test  structures  for  various  measurements  of  structure 
response.  To  this  end,  predictions  will  t-e  made  of  the  response  levels 
to  be  expected  in  the  test,  by  approximate  methods  as  required  for  the 
specification  of  instrument  types  and  output  level. 

Scale  of  Test 


The  geometric  scale  of  ESKIMO  VI,  which  will  determine  the  size  of  test 
structures  and,  at  least  in  part,  the  quantity  of  donor  explosives,  will 
be  selected  so  as  to  provide  an  optimum  balance  among  the  factors  of  cost, 
instrument  coverage,  expected  data  return,  and  confidence  in  the  modeling 
of  structure  response.  It  is  expected  that  a linear  scale  factor  between 
1:10  and  unity  (full  size)  will  be  chosen,  the  value  probably  being  closer 
to  the  latter.  It  should  be  possible  to  model  structural  response  ade- 
quately provided  the  scale  reduction  is  not  excessive.  On  the  other  hand, 
even  a modest  reduction  of  scale  leads  to  significant  savings  in  material 
and  explosives.  For  example,  a reduction  of  20  percent  in  the  linear 
dimensions  reduces  the  material  quantities  by  about  half. 

The  chocies  available  in  the  design  of  the  explosion  source  include  a 
complete  flat-roofed  magazine  constructed  to  standard  specifications,  an 
accurate  reduced-scale  replica  of  such  a magazine,  a crude  full-scale  (or 
reduced-scale)  mockup,  or  an  unenclosed  stack  of  explosives.  Successful 
modeling  of  the  effect  of  earth  cover  on  the  blast  fields  from  explosions 
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in  arch-type  magazines  at  very  small  scale,  accomplished  by  BRL  under 
ODESB  sponsorship,  has  shown  that  construction  details  and  the  strength 
of  structural  elements  of  the  donor  magazine  do  not  play  an  important  role 
in  determining  the  blast  fields.  This  suggests  that  a crude  mockup  of  the 
magazine  housing  the  donor  explosives  may  be  adequate  for  the  test,  whether 
conducted  at  full  scale  or  at  somewhat  reduced  scale.  The  donor  explosive 
charge  will  be  arranged  within  so  as  to  approximate  a realistic  seorage 
configuration. 

Test  Structure  Selection 


In  order  to  resolve  uncertainties  as  to  the  adequacy  of  existing  flat- 
rocfed  magazines  proposed  for  general  explosive  ammunition  storage,  and  to 
attempt  to  justify  economies  in  the  adaptation  of  similar  magazines  to  large 
missile  storage,  a variety  of  structures,  or  partial  structures  and  struc- 
tural components,  will  be  tested.  It  will  be  one  of  the  tasks  of  the  test 
design  study  to  determine  the  mixture  and  positioning  of  exposed  structures 
so  as  to  maximize  the  return  of  data  on  the  investment  of  resources  in  the 
test. 

Of  particular  interest  is  the  existing  design  of  the  Navy  Smokeless 
Powder  and  Projectile  Magazine  Type  IIB,  which  has  been  proposed  for  more 
versatile  use  in  ammunition  storage  than  originally  contemplated  when  the 
magazine  was  designed.  The  resistance  of  the  earth-covered  roof  slab,  which 
is  supported  by  columns  at  isolated  interior  points,  is  of  major  concern. 
Preliminary  indications  from  model  testing  are  that  the  greatest  loads  are 
exerted  on  the  roof  when  the  magazine  is  forward  of  the  donor  at  the  minimum 
front-to-rear  distance  permitted  by  standards.  Also  of  concern  is  the 
vulnerability  of  the  front  wall  and  door  construction  facing  the  side  or 
rear  of  the  'donor. 

A second  flat-roofed,  earth-covered  structure.  Navy  Missile  Magazine 
Type  I,  is  being  redesigned  to  house  large  solid  propellant  missiles.  Again, 
the  exposures  of  concern  are  the  roof  forward  of  the  donor  and  the  front 
wall  facing  the  side  or  rear.  Currently  applicable  design  methods  and  loading 
estimates  appear  to  lead  to  high  construction  cost  for  the  redesigned 
structure.  If  testing  of  this  structure  in  ESKIMO  VI  shows  these  procedures 
to  be  excessively  conservative,  significant  cost  savings  may  be  realized 
without  compromise  of  safety. 

A test  design  study  will  determine  the  feasibility  of  exposing  components 
or  segments  of  these  structures  in  ESKIMO  VI  rather  than  complete  buildings, 
at  either  full  or  reduced  scale.  It  may  prove  practicable  to  design  test 
structures  incorporating  only  those  components  considered  most  vulnerable, 
such  as  intermediate  column-supported  roof  spans. 

Consideration  will  be  given  to  other  untested  magazine  designs  of  wide 
interest,  such  as  portal  style  reinforced  concrete  magazines  of  UK  or  German 
design.  The  noncircular  concrete  arch  (Fri-loc)  magazine  exposed  in  ESKIMO  V 
to  explosive  loading  simulating  conditions  at  the  minimum  side-to-side 
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separation  between  magazines  remains  at  the  NWC  site.  The  previous  test 
left  the  headvall  and  door  virtually  undamaged  and  available  for  exposure 
in  ESKIMO  VI.  It  represents  a target  of  opportunity  from  which  additional 
response  information  can  be  gained,  provided  the  test  area  layout  can  be 
designed  so  that  the  main  aims  of  the  test  are  not  compromised.  In  general, 
it  will  be  a part  of  the  strategy  of  test  design  to  make  maximum  use  of 
assets  remaining  at  the  ESKIMO  site  from  previous  testing. 

"t  RETEST  SUPPORTING  STUDIES 

The  design  of  ESKIMO  VI  will  be  developed  with  the  aid  of  model  experi- 
mental and  analytical  studies  to  better  anticipate  levels  of  loading  and 
response,  and  to  verify  that  the  configuration  of  the  donor  and  exposed 
structures  will  constitute  a valid  test  approximating  conditions  of  actual 
magazine  storage. 

Blast  Model  Study 

Model  experiments  will  be  conducted  by  BRL  at  1/50  scale  to  determine 
blast  loadings  on  three-bay  Type  IIB  magazines  at  minimum  distances  permitted 
in  the  directions  forward,  to  the  side,  and  to  the  rear  of  the  donor.  The 
results  will  be  compared  with  similar  results  already  in  hand  from  tests  on 
models  of  arch-type  magazines,  to  assess  the  effect  on  the  blast  loadings 
due  to  the  flat  roof  and  the  relatively  smaller  mass  of  earth  fill  associated 
with  it,  as  well  as  the  large  internal  magazine  volume.  Type  I magazines 
are  sufficiently  similar  that  the  results  will  also  be  applicable  to  these, 
inasmuch  as  the  structural  strength  of  the  donor  building  is  much  less 
important  than  the  mass  of  its  components  in  determining  the  external 
blast  field. 

Experiments  will  also  be  conducted  modeling  accurately  the  configuration 
(or  configurations)  of  the  donor  and  the  test  structure  exteriors  recommended 
as  a result  of  the  design  study.  These  experiments  will  validate  the  overall 
test  design  in  regard  to  the  blast  levels  to  be  anticipated,  and  will  provide 
data  for  the  calibration  of  ESKIMO  VI  blast  instrumentation. 

Response  Predictions 

As  part  of  the  test  design  study,  approximate  predictions  will  be  made 
of  the  response  of  the  test  structures  and  structure  components.  These 
estimates  will  be  made  in  sufficient  detail  to  guide  the  positioning  of 
response  instrumentation  and  the  calibration  of  dynamic  strain  and  motion 
transducers. 

Should  the  performance  of  the  structures  in  ESKIMO  VI  be  such  as  to 
require  a more  detailed  understanding  and  interpretation  of  the  observed 
behavior,  additional  response  analyses,  perhaps  using  finite-element 
numerical  techniques,  may  be  undertaken  after  the  test  for  this  purpose. 
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Instrumentation  Recommendations 


The  positioning  of  air  blast  gages  by  type,  and  the  levels  to  which 
they  will  be  calibrated,  will  be  based  on  the  recommendations  of  BRL  as 
a result  of  the  final  pretest  model-scale  simulation  of  the  ESKIMO  VI  test 
structure  array. 

Soil  stress  gages  will  be  located  in  the  earth  fill  at  positions  such 
as  to  facilitate  estimating  the  loadings  on  earth-covered  surfaces  and  the 
attenuation  of  blast  by  earth.  The  positioning  of  these  gages  will  be 
based  on  recommendations  resulting  from  the  test  design  study  by  CEL,  and 
possible  consultation  with  the  U.S.  Army  Engineer  Waterways  Experiment 
Station. 

Measurements  will  be  made  of  reinforcing  bar  strain  at  critical 
locations  determined  by  CEL  from  approximate  predictions  of  structure 
response.  The  predictions  will  also  be  used  as  the  basis  for  setting 
strain  gage  sensitivity  levels. 

Motion  instrumentation  will  include  accelerometers,  velocity  gages, 
and  linear  variable  differential  transformers  for  dynamic  displacement 
measurements.  These  will  be  positioned  and  calibrated  on  the  basis  of  the 
results  of  the  response  predictions  of  the  test  design  study.  Recommendations 
will  also  be  made  by  CEL  for  high-speed  motion-picture  photography,  specifying 
camera  positions  and  framing  rates  for  quantitative  assessment  of  structure 
motion. 
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ABSTRACT 

Early  detection  of  toxic  chemical  agents  in  the  atmosphere  is  necessary 
to  provide  adequate  protection  for  personnel  against  hazardous  exposure. 

In  the  plant  environment,  chronic  exposure  to  sublethal  concentrations  of 
contaminants  is  a primary  concern.  Efforts  to  develop  monitors  capable 
of  rapid  response  to  extremely  low  concentrations  of  chemical  agents  are 
described. 


ADVANCES  IN  THE  DETECTION  AND  ANALYSIS  OF  CHEMICAL  ACENTS 


Ever  since  World  War  I when  the  German  armies  employed  toxic  chemical 
agents  as  a tactical  weapon  on  a large  scale,  the  United  States  has  been 
concerned  with  defensive  programs  to  neutralize  the  effectiveness  of 
these  toxic  chemicals  against  personnel.  The  first  step  in  any  defensive 
measure  is  the  early  detection  of  toxic  chemicals  in  the  atmosphere. 
Initially,  the  human  physical  senses  were  relied  upon  to  provide  this 
early  detection.  The  chemical  agents  employed  during  World  War  I could 
be  seen  or  smelled  at  high  concentrations.  However,  with  the  advent  of 
the  anticholinesterase  or  nerve  agents  during  the  World  War  II  period, 
the  human  senses  were  no  longer  reliable  indicators  of  the  presence  or 
absence  of  chemical  agents  since  the  nerve  agents  were  colorless,  taste- 
less, and  odorless  at  toxic  concentrations.  Chemical  and/or  instrumental 
methods  of  detection  were  then  developed  to  provide  an  early  detection 
and  warning  capability  to  protect  the  battlefield  soldier. 

Under  battlefield  conditions,  agent  concentrations  in  the  atmosphere 
were  expected  to  be  relatively  high  immediately  after  a chemical  attack 
and  to  decrease  as  the  agent  dissipated  in  the  atmosphere.  Personnel 
exposure  to  chemical  agents  was  expected  to  consist  of  high  periodic 
concentrations  rather  than  low  continuous  concentrations.  Detection 
methods  were,  consequently,  directed  towards  high  concentrations  of 
short  duration  rather  than  low  concentrations  over  extended  periods. 

To  train  military  personnel  in  the  detection  of  toxic  chemical 
agents,  Chemical  Agent  Identification  Sets  (ID  Sets)  were  developed  and 
manufactured  by  the  Department  of  the  Army  (DA)  from  the  1930's  to 
19(0's.  These  ID  Sets  were  distributed  to  Department  of  Defense  instal- 
lations for  use  by  all  services.  Through  the  use  of  these  sets,  personnel 
could  become  familiar  with  the  appearance,  color,  and  odor  of  some  of 
the  toxic  chemical  agents  and  demonstrate  to  themselves  the  ability  of 
chemical  agent  detector  kits  to  detect  the  various  agents.  In  April 
1971,  the  Army  declared  the  ID  Svts  obsolete.  The  task  of  disposing  of 
the  ID  Sets  became  the  responsibility  of  the  Office  of  the  DA  Project 
Manager  for  Chemical  Demilitarization  and  Installation  Restoration  (OPM 
CD1R) . 

The  disposal  of  the  ID  Sets  will  be  accomplished  under  production 
plant  conditions.  Under  these  conditions  with  the  continuous  presence 
of  agent  containers,  personnel  exposure  to  low  concentrations  of  a 
number  of  chemical  agents  over  extended  periods  may  be  possible.  With 
the  development  of  highly  sophisticated  ventilation  and  containment 
process  equipment,  chronic  exposure  to  sublethal  concentrations  becomes 
the  main  concern  in  ensuring  worker  safety  rather  than  exposure  to  acute 
concentrations.  Concentration  levels  to  which  workers  may  be  exposed 
for  up  to  eight  hours  per  day  indefinitely  and  suffer  no  effects  are 
referred  to  as  time  weighted  averages  (TWA).  Each  of  the  agents  contained 
in  the  ID  Sets  has  its  individual  TWA,  and  it  is  to  this  concentration 
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level  that  current  detection  techniques  are  directed  in  order  to  monitor 
the  safety  of  the  work  environment. 

The  detection  methods  developed  for  the  field  were  found  to  be 
inadequate  for  determination  of  the  low  TWA  concentrations  required  in 
the  plant.  In  order  to  measure  these  low  levels,  analytical  techniques 
employing  bubblers  were  developed.  Those  bubbler  techniques  required 
sampling  for  longer  periods  of  time  or  at  high  flow  rates  in  order  to 
observe  the  TWA  concentration.  The  collection  media  were  then  transported 
to  a chemical  laboratory  for  analyses.  The  total  procedure  required 
more  time  than  the  field  methods  but  did  result  in  the  ability  to 
observe  very  low  concentrations  of  chemical  agents.  With  bubblers, 
sampling  times  alone  range  from  thirty  minutes  to  two  hours.  Trans- 
portation and  analyses  require  additional  time. 

In  an  effort  to  obtain  more  rapid  responses  to  protect  workers  on 
chemical  demilitarization  programs,  the  0PM  CDIR  has  developed  and  is 
developing  monitors  that  will  respond  to  TWA  concentrations  of  chemical 
agents  in  a matter  of  minutes  rather  than  hours.  These  monitors  represent 
application  of  state-of-the-art  technology  to  minimize  potential  hazards 
during  demil  operations.  A monitor  for  the  nerve  agent,  GB,  has  been 
developed  under  the  aegis  of  the  0PM  CDIR  and  is  currently  being  tested 
with  simulants  at  the  Chemical  Agent  Munitions  Disposal  System  site  at 
Tooele  Army  Depot,  UT.  This  monitor  is  based  on  the  familiar  enzyme 
technique  for  detecting  anticholinesterase  compounds.  The  atmosphere  is 
sampled  automatically  and  placed  in  contact  with  an  enzyme.  The  presence 
of  an  anticholinesterase  compound  destroys  the  enzyme  and  prevents  the 
enzyme  from  engaging  in  a subsequent  color  producing  chemical  reaction. 

The  absence  of  color  is  then  taken  as  an  indication  of  the  presence  of 
an  anticholinesterase  compound  in  the  atmosphere.  These  monitors 
require  solution  replenishment  only  once  a week  which  minimizes  the  need 
for  operator  attention.  Alarms  from  TWA  concentrations  of  GB  are  realized 
in  approximately  ten  minutes. 

Another  monitor,  the  Automatic  Continuous  Air  Monitoring  System 
(ACAMS),  is  curently  being  developed  for  the  0PM  CDIR  under  contract 
with  Southern  Research  Institute  for  use  in  the  program  for  the  disposal 
of  ID  Sets.  The  ID  Sets  disposal  program  presents  a unique  situation 
over  other  current  demil  programs  in  that  several  toxic  chemical  agents 
must  be  monitored  simultaneously  in  the  presence  of  possible  analytical 
interferents  arising  from  the  incineration  process.  In  the  past,  monitoring 
for  a single  agent  at  TWA  concentrations  and  at  the  same  time  requiring 
specificity  and  rapid  response  has  frequently  been  a difficult  task. 

The  ACAMS  concept  requires  specificity  and  rapid  response  at  TWA  concen- 
trations for  multiple  agent  contamination.  In  addition,  the  current 
effort  requires  delivery  of  an  operational  system  in  less  than  fourteen 
months. 

In  order  to  provide  the  necessary  specificity,  the  current  ACAMS 
utilizes  a gas  chromatograph  (GC)  as  the  basic  analytical  instrument. 

GC’s  are  used  extensively  in  modem  analytical  laboratories  for  the 


separation  of  components  in  gas  or  liquid  samples.  The  separation  is 
affected  by  a GC  column  to  varying  degrees  depending  upon  the  physical 
and/or  chemical  properties  of  the  components.  Under  a given  set  of 
carefully  controlled  conditions,  the  time  required  for  a particular 
compound  to  traverse  or  elute  from  the  column  is  highly  reproducible. 

This  retention  time  is  indicative  of  the  particular  compound. 

Once  a compound  elutes  from  the  coluMn,  its  presence  is  determined 
by  the  GC  detector.  These  detectors  picvide  a degree  of  specificity  in 
that  they  tend  to  be  more  sensitive  to  compounds  of  particular  composi- 
tions. Recent  advances  in  detector  technology  have  made  modern  detectors 
more  stable  and  more  specific  than  their  predecessors.  The  ACAMS  utilizes 
the  Hall  electrolytic  conductivity  detector  recently  developed  by  Tracor 
Instruments.  Reported  sensitivity  for  this  unit  is  ten  picograms  or  ten 
trill ionths  of  a gram  for  chlorine.  Since  the  majority  of  toxic  chemical 
agents  contain  chlorine,  this  detector  appears  to  be  ideal  for  the  ACAMS 
application. 

To  reduce  the  required  operator  attention,  the  ACAMS  will  be  micro- 
processor controlled.  Recent  advances  in  microprocessor/microcomputor 
technology  have  been  applied  extensively  to  analytical  instrumentation 
by  instrument  manufacturers.  Microprocessor  based  instruments  are 
currently  capable  of  automatically  controlling  tasks  from  injection  of  ' 
the  sample  to  reducing  the  output  data.  In  the  ACAMS,  the  various 
functions  will  be  initiated  electronically  after  predetermined  parameters 
are  entered  on  a keyboard  by  the  operator.  The  ACAMS  will  then  function 
automatically  and  alarm  when  the  TWA  of  an  agent  is  reached. 

Table  1 lists  the  chemical  agents  along  with  their  TWA  concentrations 
contained  in  the  ID  Sets.  While  chloroform  is  not  classified  as  a 
chemical  agent,  recent  evidence  has  shown  that  it  is  a hazardous  material, 
and,  consequently,  it  is  included  in  the  list  of  compounds  to  be  monitored. 

Of  the  agents  listed,  some  are  not  included  in  the  current  ACAMS  effort. 
Chloroacetophenone  (CN)  was  not  included  since  the  quantities  contained 
in  the  ID  Sets  were  quite  small  and  represented  less  than  a half  of  one 
percent  of  the  analytical  workload.  The  arsenic  containing  agents, 
lewisite  (L)  and  adamsite  (DM),  were  also  not  included  although  they 
represent  almost  fourteen  percent  of  the  analytical  workload.  Lewisite 
was  deleted  based  on  previous  experiences  of  difficulty  in  analysis  by 
gas  chromatography.  DM  was  deleted  when  examination  of  its  physical 
properties  indicated  that  it  would  not  be  amenable  to  analysis  by  gas 
chromatography.  Other  methodology  will  be  utilized  for  these  compounds. 

The  remaining  agents  in  Table  1 were  included  in  the  ACAMS  program. 

To  date,  investigations  have  indicated  that  suitable  conditions 
exist  for  the  GC  analysis  of  all  of  the  agents  considered  for  ACAMS 
except  for  the  nitrogen  mustard,  HN1.  HN1  was  found  to  decompose  in  the 
gas  chromatograph  at  temperatures  less  than  150°C.  Use  of  lower  temperatures 
resulted  in  retention  times  of  15-20  minutes  which  were  considered  excessive 
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for  the  ACAMS  program.  Pursuit  of  a resolution  to  the  HN1  problem  was 
considered  to  be  sufficiently  time  consuming  in  that  it  could  jeopardize 
the  timely  availability  of  a monitor  for  the  other  agents.  Consequently, 
HN1  was  deleted  from  the  current  ACAMS  requirements. 

Although  suitable  parameters  for  the  individual  GC  analysis  of  each 
of  the  agents  have  been  identified,  the  problem  of  combining  these 
parameters  in  a mutually  compatible  system  still  remains.  To  complicate 
the  compatibility  problem,  the  mustards  and  GB  must  be  preconcentrated 
on  a solid  sorbent  in  order  to  detect  their  TWA  concentrations.  Air 
sampling  is  performed  by  passing  the  air  through  a tube  containing  the 
solid  sorbent  for  a specified  time  at  a fixed  flow  rate.  The  agents  are 
adsorbed  on  the  solid  and  held  until  the  sampling  period  is  complete. 

The  tube  is  then  heated,  and  the  agents  are  desorbed  and  injected  into 
the  GC  for  analysis. 

Those  agents  not  requiring  preconcentrition  are  injected  into  the  GC 
by  an  air  sampling  loop  as  shown  in  Figure  1.  A vacuum  pump  draws  air 
through  an  empty  column  or  loop  of  specific  volume.  All  connections  are 
made  through  a multiport  valve.  To  inject  an  air  sample,  the  valve  is 
actuated,  and  the  air  trapped  in  the  loop  at  the  time  of  actuation  is 
swept  by  the  carrier  gas  into  the  GC  for  analysis.  The  valve  is  returned 
to  its  original  position,  and,  when  the  analysis  cycle  is  completed,  the 
valve  is  again  actuated  to  inject  another  air  sample. 

To  circumvent  possible  problem  areas  and  to  simplify  the  ACAMS 
requirements  for  simultaneous  monitoring  for  multiple  agents,  the  actual 
composition  of  the  various  ID  Sets  was  examined  as  shown  in  Table  II. 

As  can  be  seen  from  the  table,  many  of  the  particular  sets  contain  only 
on?  agent.  The  X548  and  X550  Sets  contain  L and  UNI  for  which  no  ACAMS 
capability  is  currently  planned.  The  ACAMS  will  monitor  only  for  the 
HN3  in  the  X302  Set.  In  the  K955  Set,  only  the  HD  and  PS  will  be 
observable  by  the  ACAMS. 

In  the  K945  Set,  HD  and  GB  must  be  monitored  simultaneously.  This 
is  the  only  ID  Set  that  contains  the  nerve  agent  GB.  The  difficulty  in 
this  simultaneous  monitoring  is  that  the  GB  is  more  amenable  to  detec- 
tion by  a flame  photometric  detector  (FPD)  than  the  Hall  detector. 

While  the  FPD  has  been  used  for  the  detection  of  HD,  it  cannot  detect  TO 
and  GB  simultaneously.  The  FPD  is  sensitive  to  the  phosphorus  atom  in 
GB  and  to  the  sulfur  atom  in  TO.  However,  the  detector  cannot  be 
sensitive  to  sulfur  and  phosphorus  at  the  same  time  since  the  individual 
sensitivities  are  provided  by  appropriate  narrow  band  light  filters. 

The  use  of  one  filter  precludes  the  use  of  the  other  filter.  This 
problem  could  be  rosolved  in  several  ways.  Two  FPD's  could  be  used,  but 
this  seems  unreasonable  since  the  Hall  detector  is  available  for  TO 
detection.  The  problem  now  reduces  to  how  to  direct  the  single  column 
effluent  to  two  separate  detectors.  If  the  column  effluent  were  split 
by  passing  it  through  a Y connection  as  shown  in  Figure  2,  half  of  the 
sample  could  enter  the  FPD  while  the  other  half  could  enter  the  Hall 
detector. 
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The  disadvantage  of  this  method  is  that  by  splitting  the  sample,  the 
sensitivity  is  reduced  by  half  since  only  half  of  the  3ample  reaches  any 
one  detector. 

A more  viable  solution  is  through  the  use  of  a valve  as  shown  in 
Figure  3.  The  valve  could  direct  the  flow  from  the  column  to  the  FPD 
until  the  retention  time  for  GB  has  elapsed.  At  this  time,  the  valve 
switches  automatically  to  divert  the  flow  from  the  column  to  the  Hall 
detector.  The  valve  can  be  controlled  by  the  microprocessor  that  has 
been  incorporated  into  the  ACAMS.  This  option  allows  for  realizing  the 
full  detection  limit  of  the  collected  sample. 

Referring  back  to  Table  II,  the  K951  through  K954  Sets  represent  the 
largest  ACAMS  challenge  in  two  senses.  Not  only  must  four  agents  be 
monitored  simultaneously,  but  these  sets  represent  60  percent  of  the 
total  number  of  ID  Sets.  As  mentioned  previously,  while  most  of  the 
agents  can  be  injected  into  the  GC  directly,  the  HD  must  be  preconcen- 
trated. Studies  performed  thus  far  have  demonstrated  the  separation  and 
detection  of  HD,  PS,  and  chloroform  in  a mixture.  One  of  the  problems 
encountered  is  the  separation  of  CK  and  CG  which  are  found  together  in 
the  K953  and  K954  Sets.  However,  their  TWA's  are  sufficiently  close 
that  setting  the  alarm  level  at  the  lower  of  the  two  (CK)  will  allow  a 
safety  factor  regardless  of  which  of  the  agents  is  present  and  makes  the 
separation  unnecessary. 

It  can  be  gathered  from  this  presentation  that  the  technology  developed 
thus  far  in  the  ACAMS  program  will  allow  the  assembly  of  monitors  capable 
of  rapidly  detecting  single  chemical  agents  at  their  TWA  concentrations. 
However,  the  objective  of  ACAMS  is  to  monitor  for  multiple  agents 
simultaneously.  Through  refinement  and  expansion  of  its  capabilities, 
the  ACAMS  has  the  potential  of  being  a single  monitor  for  many  of  the 
toxic  chemical  agents.  By  constantly  pressing  state-of-the-art  tech- 
nology, the  ACAMS  concept  is  not  only  possible,  but  probable.  A success- 
ful ACAMS  and  similar  instruments  will  contribute  markedly  towards  the 
protection  of  personnel  against  exposure  to  low  concentrations  of 
chemical  agents  and  thus  provide  a greater  degree  of  safety  in  the  work 
environment. 
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TABLE  I . AGENTS  CONTAINED  IN  THE  ID  SETS 


AGENT 

HD 

HN1 

HN3 

CG 

CK 

PS 

GB 

CHLOROFORM 

L 

DM 

CN 


TWA 


mg/mJ 

ppb— 

0,003 

0.464 

0.003 

0.434 

0,003 

0.361 

0,2 

50 

0,05 

20 

0,7 

100 

0,0001 

0.018 

240 

50  x 10 

0.003 

0.35 

0,05* 

0.3 

50 

* AS  ARSENIC 
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TABLE  II.  AGENT  COMPOSITION  BY  ID  SET 


ID  SET 

AGENTS 

K941 

HD 

K942 

HD 

X547 

HD 

X551 

HN3 

X302 

HN1,  HN3 

X552 

PS 

K955 

HD,  PS,  L,  CN,  DM 

K95L  K952 

HD,  CG,  PS,  Chloroform,  L 

K953,  K954 

HD,  HN1,  CG,  CK,  Chloroform, 

K945 

HD,  GB,  L 

X545 

CG  Simulant 

X548 

L 

CARRIER  GAS 


A SIMPLIFIED  METHODOLOGY  FOR  COMPUTING 
CHEMICAL  HAZARD  DISTANCES 


C.  Glenvi I Whitacre 


Systems  Assessment  Office 
Chemical  Systems  Laboratory 
Aberdeen  Proving  Ground,  MD  21010 


A SIMPLIFIED  METHODOLOGY  FOR  COMPUTING 
CHEMICAL  HAZARD  DISTANCES 


1 . SCOPE 

1.1  Objective.  It  is  the  objective  of  this  task  to  develop  a methodology 
for  the  solution  of  the  Gaussian  diffusion  model  which  is  simple  enough  to 
be  performed  on  a pocket  calculator.  It  is  intended  that  this  would 
include  the  effect  of  the  bounded  mixing  layer1  and  the  2-minute  dosage 
correction2  as  employed  with  some  agents. 

1.2  Background.  The  Methodology  for  Chemical  Hazard  Predictions,  which 
was  agreed  upon  by  the  Technical  Advisor  to  the  Chemical  Standards  Working 
Group  of  the  Department  of  Defense  Explosives  Safety  Board  in  1974,  was 
published  as  DODESB  Technical  Paper  No.  102  in  March  1975.  The  mathematical 
representation  of  this  methodology  was  stated  in  very  general  form  and  its 
inherent  complexity  prevented  its  immediate  adoption  for  field  work. 

In  1976,  a system  of  graphic  aids  was  prepared  by  the  Systems  Assess- 
ment Office,  Chemical  Systems  Laboratory,  and  was  published  by  DARCOrt  in 
March  1977  as  a Handbook  for  Chemical  Hazard  Prediction.2  In  June  1977, 
ARCSL-TR-770493  was  published  by  Systems  Assessment  Office  to  document  a 
complete  computer  program  of  this  methodology. 

Since  the  Handbook1  was  developed  as  the  basic  implementing  document 
of  this  methodology,  it  was  presented  in  generalized  form  which  attempted 
to  portray  all  the  variables  of  the  model  over  the  ranges  of  interest. 

This  document  was  large,  containing  some  170  graphs,  but  still  treated 
many  variables  as  factor  corrections  to  a first  estimate. 

The  computer  program,  documented  as  ARCSL-TR-77049,  was  also  developed 
as  a basic  tool  and  attempted  to  cover  all  of  the  methodology  in  the  most 
concise  manner.  As  a result,  the  program  is  made  up  of  eight  subroutines 
containing  some  1000  Fortran  statements.  The  program  is  fast,  relatively 
easy  to  use,  and  will  be  maintained  on  the  ARRADCOM  Univac  1108  computer 
at  Aberdeen  Proving  Ground,  Maryland,  for  remote  use  through  the  telephone. 

There  remained,  however,  an  area  of  quick  field  applications  which 
neither  of  these  approaches  satisfied  completely.  An  approach  was  sought 
which  would  approximate  some  of  the  more  complex  procedures  in  the  method- 
ology and  lead  to  simple  statements  which  could  be  programmed  on  the 
pocket  calculator. 
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1.3  Approach . Vwo  computational  procedures  were  of  particular  concern  in 
simplifying  this  methodology.  Both  the  infinite  sum  used  to  compute  the 
transition  from  the  Gaussian  to  the  Box  Model*  and  the  iterative  procedure 
used  to  compute  the  2-minute  correction**  were  complex  and  time  consuming. 

From  the  many  curves  which  had  been  produced  for  the  Handbook,*  it 
was  evident  that  the  transition  from  the  Gaussian  to  the  Box  Model  occurred 
over  a relatively  short  distance , and  an  approach  was  sought  to  define  this 
zone  as  a function  of  stability  and  height  of  the  mixing  layer.  Once  the 
transition  zone  was  defined,  simple  equations  wore  used  to  compute  the 
dosage  versus  distance  curve  as  three  log-log  segments  representing  the 
'Gaussian  Model,  mixing  layer  transition,  and  Box  Model. 


*Diffusion  under  an  inversion  cap  with  vertical  distribution  uniform. 

**A  correction  for  some  agents  where  effects  are  dependent  on  time  of 
accumulation. 


In  order  to  simplify  the  2-oinute  corrected  methodology  as  reproduced 
in  Technical  Paper  No.  10, 2 the  full  iterative  program  was  executed  and 
the  final  dosage  correction  factor  at  each  distance  was  converted  to  am 
effective  time  of  exposure,  ttiis  effective  time  was  then  fitted  as  a 
function  of  stability,  wind  speed,  and  distance,  and  a simple  algebraic 
statement  of  the  2-minute  correction  was  substituted  into  the  diffusion 
equation  and  solved  directly  fcr  distance. 

Finally,  the  mixing  layer  and  2-minute  corrections  were  combined  to 
conplete  the  model.  Simple  algebraic  expressions  were  used  to  approximate 
these  unknown  functions  with  the  condition  that  deviations  would  be  biased 
to  produce  a safe-sided  estimate  of  the  hazard  distance. 


2.  METHODOLOGY 

2.1  Effect  of  the  Mixing  Layer.  When  a Gaussian  cloud  encounters  a 
physical  boundary  such  as  the  ground  surface  or  an  elevated  inversion  cap,1 
the  fraction  of  the  cloud  reaching  the  boundary  is  reflected  back  to 
reinforce  the  concentration  and  increase  the  dosage  within  this  mixing 
layer.  A model  based  on  multiple  reflections  from  these  bounding  surfaces 
was  outlined  in  ORG  174  in  1958.  This  approach  was  reproduced  in  Technical 
Paper  No.  102  indicating  that  the  factor  which  augments  the  dosage  at  any 
downwind  distance  can  be  expressed  as  follows: 


exp 


2iHm-H-Z 
0z 


] 


+ exp 


2iHm-H+Z 


+ exp 


2iHjn+H-Z 


exp 


2iHm+H+Z 


(1) 


where 


F is  the  reflective  contribution  to  the  dosage  at  distance,  x 

K 

H is  the  height  of  the  mixing  layer  (m) 
in 

H is  the  height  of  the  source  (m) 


Z is  the  height  of  the  sampler  (m) 

f x H 


zr 


zr 


, the  vertical  distribution  of  the  cloud  as 
defineJ  in  the  Handbook1  (m) 
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When  one  is  interested  in  dosages  near  the  ground,  Z can  be  taken  as 
zero  and  the  expression  simplifies  to  the  following: 

exp  [-  J 

Z Z ' - _1 

A special  version  of  the  program  reported  in  ARCSL-TR-77049  was  written 
to  capture  the  downwind  distances  at  which  the  reflective  model  first 
departed  from  the  Gaussian  Model  by  a specified  amount,  AE,  and  then  where 
the  reflective  model  approached  the  Box  Model  by  the  same  difference. 

These  distances  are  referred  to  as  X^  and  X2  and  define  the  transition 
zone. 

Tables  1 and  2 list  values  of  and  X2  for  different  stabilities  and 
heights  of  the  mixing  layer.  The  results  shown  ire  for  AE  = .01. 
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TABLE  1.  VALUE  OF  X,  AS  A FUNCTION  OF  STABILITY  AND  H 

1 m 


H 

m 

(m) 

A 

B 

C 

D 

E 

F 

100 

282 

550 

1023 

2138 

3548 

7079 

200 

468 

1096 

2188 

4786 

8511 

17783 

300 

617 

1660 

3467 

7762 

14125 

30903 

400 

759 

2188 

4786 

10965 

19953 

44668 

600 

1023 

3311 

7413 

17783 

33113 

77624 

800 

1259 

4467 

10233 

24547 

47863 

112201 

1000 

1479 

5495 

13188 

32359 

63095 

151355 

2000 

2399 

10965 

28840 

72443 

151355 

380188 
1 

*rjr 
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TABLE  2. 


VALUE  OF  X2 


AS  A FUNCTION  OF  STABILITY  AND  H 

n 


H 

m 

(m) 

A 

B 

C 

D 

E 

F 

100 

427 

955 

1862 

4074 

6918 

14454 

200 

692 

1905 

4074 

9120 

16596 

36308 

300 

933 

2884 

6310 

14791 

27542 

63095 

400 

1148 

3802 

8710 

20893 

39811 

91201 

600 

1514 

5754 

13804 

33113 

66069 

158489 

800 

1862 

7586 

19055 

46773 

93325 

234422 

1000 

2188 

9550 

23988 

60256 

123026 

316226 

2000 

3631 

19055 

52481 

138038 

295119 

794324 

It  was  found  that  the  data  shown  in  Tables  1 and  2 could  be  fitted  by 
expressions  of  the  following  form: 


- C,  H 1/6 

(3) 

1 m 

• C,  H 1/6 

(4) 

where 

X^  and  X2  defines  the  transition  zone  (m) 
and  C2  are  constants  for  each  stability 
8 is  the  slope  of  the  sigma  Z curve 
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The  derived  values  of  and  C2  are  listed  in  Table  3 as  a function  of 
stability.  The  diffusion  parameters,  as  taken  or  derived  from  Technical 
Paper  No.  10, 2 are  also  tabulated  for  use  in  the  equations  5 and  6.  The 
reference  0 values  have  been  transformed  to  one  meter  as  will  be  discussed 
.under  equation  6.  Values  of  Oy  are  given  for  both  instantaneous  (ins) 
and  continuous  (con)  sources  as  discussed  in  the  Handbook.1 


* 

I 

I 

i 

1 


*ins  ■ instantaneous 
**con  - continuous 


TABLE  3.  METEOROLOGICAL  PARAMETERS 


Parameter 

A 

B 

C 

D 

E 

F 

0 (ins)* 

0.09 

0.0633 

0.048 

0.0634 

0.0754 

0.0796 

oyl (con)** 

0.27 

0.1899 

0.125 

0.1268 

0.1508 

0.1592 

Q 

N 

h- 

0.0222 

0.11 

0.119 

0.0898 

0.0879 

0.0791 

a 

1. 

1. 

1. 

0.9 

0,8 

0.7 

0 

1.4 

1. 

0.9 

0.85 

0.8 

0.75 

C1 

10.5 

5.5 

6.13 

9.49 

11.2 

15.3 

C2 

15.9 

9.55 

11.2 

18.1 

21.9 

31.1 

2.2  Total  Dosage:  Segment  1,X  < X^ 


If  one  considers  total  dosage  near  the  ground  from  a point  source 
release  near  the  ground,  the  dosage-distance  relationship  is  defined  as 
followst 


D(X) 


2 

60*  o (x)o  (x)u 

y z 


(5) 
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where 


D(X)  is  the  total  dosage  at  X (mg-min/n  ) 
Q is  the  source  strength  (mg) 
u is  the  wind  speed  (m/sec) 


o (x)  »•  u 
y yr 


o (x)  - o 
z zr 


, x 

l yr  j 

X 

X 

zr 


(m) 


(m) 


By  transferring  the  reference  distances,  x and  x , to  one  meter, 
this  is  further  simplified  to: 


D(X)  - a+6 

60ir  a ,o  , u x 
yl  zl 


(6) 


where 


o - o (x  ) 
yl  yr  yr 


-o 


0-0  (x  ) 
zl  zr  zr 

or  the  inverse  solution: 


[e°.  ay°02l  D u ] 


1/o+B 


X < X, 


(7) 


where  D is  the  dosage  of  interest  (mg-min/m  ) . 

.2.3  Total  Dosage;  Segment  3,X  > X2 

The  total  dosage  in  segment  3 can  be  calculated  from  the  following: 


. D(X) 


60  o , H a 


(8) 


•f  • •• 

yl  m 


or 


x - 


60  /2w  o , D H 
yl  m 


1/a 


x > x„ 


(9) 
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2.4  Total  Dosage : Segment  2,X^  < X < X2 

Considering  that  the  distance  between  X^  and  X2  is  relatively  small, 
it  was  decided  to  approximate  this  segment  as  a log- log  straight  line 
between  points  (D^.X^)  and  (D2«X2).  The  value,  D^,  is  taken  at  Xi  on 
segment  1 and  D2  is  taken  at  X2  on  segment  3.  A straight  line  segment 
will  slightly  overestimate  the  dosage  in  this  region  and  thus  provide  a 
conservative  (safe-sided)  estimate  of  the  distance. 


Empljving  equations  6 and  8, 


188.5  o ,0  , u X,  °+® 
yl  zl  1 


150.4  0 , H u X„ 
yl  m 2 


then 


In (X2/X^) 
ln(D2/D1) 


and 


X « X 


.(<1 


(10) 


(ID 


(12) 


(13) 


3.  TWO-MINUTE  CORRECTION 


3.1  Instantaneous  Sources  with  2-Minute  Correction.  A copy  of  the  program 
for  computing  dosage  with  the  2-minute  correction,  as  defined  in  ARCSL-TR- 
77049,3  was  modified  to  output  the  effective  time,  te,  of  dosage  accumula- 
tion as  a function  of  downwind  distance.  Data  were  generated  for  a 
variety  of  conditions  and  fitted  to  a general  equation. 


t 

e 


0.005 


0.9294 


u 


(14) 


where 

t is  the  effective  time  of  dosage  accumulation  (min) 
e 

0.9294  is  the  slope  of  the  sigma-x  curve 
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Given  this  effective  time  of  exposure,  one  can  then  consider  the  time 
correction  factor  for  the  dosage2  to  compute  the  effective  dosage  at  any 
distance. 


M 


0.827 


fc0. 274 


t > 2 min 


(15) 


where 

M is  the  factor  by  which  the  required  dosage  is  increased 

t is  the  time  of  dosage  accumulation  (min) 

3.1.1  Two-Minute  Corrected  Dosage:  Segment  1,X  < X^ 

By  setting  t ■ te  and  multiplying  D by  the  factor  of  M (combining 
equations  7,  14.  and  15),  the  following  equation  can  be  used  to  calculate 
distance  in  segment  1.  This  equation  is  also  subject  to  the  condition 
that 


x > [400  u]  1,076 

which  represents  the  distance  at  which  the  time  of  dosage  accumulation 
will  exceed  2 minutes  as  calculated  from  equation  14. 


. r 2 i 

[_36. 51  0ylszl  0 u0,726  J 


l/a+B+0.255 


for  X1  > X > X.J, 


,1.076 


r 2 i 

,,  „ „ 0.726 

I 29.13  a , H D u 

*-  yl  m -1 


l/a+0.255 


X > X2  and  XT 


(16) 


where 

X^,  - (400  u) 

For  X < X^  and  X^  use  equation  7. 

3.1.2  Two-Minute  Corrected  Dosage:  Segment  3,X  > Xj 

By  combining  equations  9,  14,  and  15,  the  2-minute  correction  in 
segment  3 can  be  computed  subject  to  the  same  restriction  in  t . 


(17) 
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3.1.3  Two-Minute  Correction  of  Dosage:  Segment  2,X^  < X < X^ 
Following  the  same  approach  outlined  above,  when  X > XT# 


C1  0.726  O+6+0.255 

36.51  o a , u X, 
yl  zl  1 


(18) 


„ ,,  0.726  a+0.255 

29.13  0 , H u X. 
yl  i 2 


(19) 


The  distance  is  then  computed  using  equations  12  and  13.  If  X < X^, 
then  equations  10  and  11  are  used  instead  of  equations  18  and  19. 

3.2  Semicontinuous  Source  with  Two-Minute  Correction.  The  special 
computer  program  referred  to  in  section  3.1  was  executed  for  a range  of 
release  times  to  provide  estimates  of  te  for  the  semicontinuous  release. 
These  data  were  fitted  to  a generalized  model  as  follows: 


t 

e 


0.281 


+ 


0.000025 

2 

u 


1.85881  1/2 

« 


(20) 


( 


where 


t is  the  source  release  time  (min) 
s 

For  small  values  of  X,  equation  20  takes  on  a constant  value  based  on 
the  value  of  t . At  large  values  of  X,  the  values  are  tho  same  as  those 
obtained  from  equation  14.  In  the  transition  between  these  two  extremes, 
the  value  of  te  is  underestimated  slightly  which  in  turn  provides  a 
safe-sided  estimate  of  hazard  distance. 


3.2.1  Semicontinuous  Source  with  Two-Minute  Correction.  Segment  1 


Following  the  approach  outlined  in  section  3.1.1,  the  equation  for 
the  hazard  distance  to  doage,  D,  from  source,  Q,  is  as  follows: 


[ 


2 . 0.000025 

0.281  t + r x 

s 2 


,1.8588  J 


0.137 


o+f? 


155.9  a ,o  . u P 
yl  zl 


(21) 


X.  y x > x* 
1 TS 


I 


where 


(4  - 0.281  t 2)  u2 
s 

0.000025 


0.538 


(22) 


For  values  of  X < and  X^*  equation  7 is  used. 

It  is  noted  that  equation  21  is  not  solved  for  the  downwind  distance, 

X.  Due  to  the  form  of  the  equation,  it  was  decided  to  arrive  at  a value 
of  X by  successive  approximation.  This  approach  is  practical  on  a 
programmable  electronic  calculator  of  the  pocket-size  variety.  (Experience 
has  shown  that  sane  solutions  can  take  a minute  or  more,  but  it's  automatic 
and  it  does  get  there.) 

3.2.2  Semicontinuous  Source  with  Two-Minute  Correction.  Segment  3 


Distances  that  fall  in  segment  3 are  computed  in  a similar  manner 
using  the  following: 


t 


0.201  t 2 ♦ 5^20025  x1.8588l°'137 


u 


J 


124.4  o , H Du 
yl  m 


(23) 


X > X„  and  X_ 
2 TS 


3.2.3  Semicontinuous  Source  with  Two-Minute  Correction.  Segment  2, 

X > x„,c 

TS 

The  values  of  D^  and  D2  are  computed  in  segment  2 from  the  following 
equations: 


155.9  o .0  . u X 
yl  zl 


0. 


2 ^ x.asoe-l-o-ii? 


,a+B  0.281  t + 2 X 


J 


124.4  OH  u X 
yl  m 


[- 


0.000025 


281  t + 
s 


2 X„ 


u 


1.8588 ~ 


(24) 
-0.137 

(25) 


i 


> 


f 


) 
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4.  COMPUTATIONS  WITH  THE  SIMPLIFIED  METHODOLOGY 

With  the  exception  of  equations  21  and  23,  all  of  these  equations  can 
readily  be  solved  on  a pocket  calculator  which  has  a fractional  power 
function  (yx).  The  only  complication  is  the  determination  of  the  proper 
segment  and,  thus,  the  selection  of  the  proper  equation  fcr  X.  Hie 
complete  logic  for  making  this  selection  is  shown  in  Figure  1. 


In  order  to  test  the  simplified  methodology  and  the  logic  in  Figure  1, 
two  Fortran  computer  programs  were  written.  These  programs  contain  42  and 
56  statements  as  compared  to  334  for  subroutine  DOSDIS.  One  provides 
solutions  for  instantaneous  releases  and  the  other  for  semicontinuous 
releases.  Each  program  has  the  option  of  solving  either  the  total 
dosage  or  2-minute  corrected  dosage  methodology.  These  programs  are  very 
similar  and  one  program  could  provide  all  four  solutions  if  provisions 
were  made  to  select  the  proper  reference  sigma-y  values  for  instantaneous 
and  continuous  solutions.  The  two  Fortran  programs  are  listed  in  Appendix 
A,  where  the  inputs  are  defined. 


Once  the  logic  was  tested  with  the  Fortran  program,  this  approach  was 
coded  for  the  TI-59  pocket  calculator.  The  60  memory  words  were  used  to 
store  the  stability-dependent  parameters  (Oyi,  ci2i,  a,  8,  Cj_, 
the  set  required  for  any  specific  run  could  be  selected  by  indirect 
addressing. 


C2)  so  that 


These  programs  were  published  as  SINST  and  SSCS  in  ARCSL-TR-780„ 3, 

A Simplified  Methodology  for  Computing  Chemical  Hazard  Distances,  dated 
January  1978. 


5.  THE  FIELD  HANDBOOK 

Programs  SINST  and  SSCS  had  proven  that  a pocket  calculator  with  the 
simplified  methodology  could  provide  estimates  of  the  downwind  chemical 
hazard,  but  they  still  were  not  a very  neat  (efficient)  package  for  field 
use.  It  was  decided  to  combine  the  instantaneous  and  semicontinuous  into 
one  program  and,  if  possible,  add  source  geometry  and  the  inhalation- 
deposition  model  from  Technical  Paper  No.  10. 


The  approach  of  solving  for  X as  a function  of  D was  abandoned  in 
favc**  of  D as  a function  of  X.  In  this  approach,  the  dosage  is  calculated 
at  successively  larger  distances  until  the  dosage  falls  below  the  value 
of  interest.  The  last  two  values  are  then  used  to  interpolate  for  X at 
the  required  dosage. 
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SELECT  2-MINUTE  CORRECTION 
EQUATION 
SET  XT-  00 


Program  SGDX  was  designed  as  a short  general  purpose  dosage  as  a 
function  of  X calculator.  The  loop  which  estimates  dosage  or  intravenous 
dose  contains  four  statements  which  are  executed  selectively  to  solve 
either  the  Gaussian  or  the  Box  Models  with  or  without  2-minute  correction 
and  with  or  without  inhalation-deposition,  lhese  are  lines  39  through  42 
of  the  Fortran  listing  given  in  Appendix  A.  The  logic  for  Program  SGDX 
is  shown  in  Figure  2. 

By  using  the  available  options,  Program  SGDX  will  solve  all  the 
variations  of  the  diffusion  model  presented  in  the  Handbook.  The  TI-59 
program  code  is  listed  in  Appendix  B. 

To  round  out  the  methodology  from  Technical  Paper  No.  10  and  the 
Handbook,  Program  SEVP  was  written  to  confute  the  evaporation  rate  from 
a spill.  This  is  a shortened  version  of  subroutine  EVAP  reported  in 
ARCSL-TR-,77049. 

Subroutine  STAB  was  expanded  to  compute  the  sun  elevation  angle  given 
location,  date,  and  time.  The  new  program  is  called  PSST  (Pasquill 
Stability  Selector  after  Turner).  With  the  other  inputs  (cloud  cover, 
cloud  height,  and  wind  speed) , this  program  will  select  the  Pasquill 
stability  category  for  a given  place  and  time.  Figure  3 is  a flow  chart 
of  Program  PSST.  The  Fortran  program  is  listed  in  Appendix  A and  the 
TI-59  code,  in  Appendix  B. 
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APPENDIX  A 


FORTRAN  PROGRAMS 


Program  SINST  estimates  the  distance  to  a specified  dosage  of  interest 
for  either  total  dosage  or  2 -minute  corrected  dosage. 

When  Program  SINST  is  executed,  it  will  request  the  following  information 

INPUT:  Q,  U,  D,  HML,  IS,  IT 


where 

Q is  source  strength  (mg) 

u is  wind  speed  (m/sec) 

D is  dosage  (mg-min/m3) 

HML  is  height  of  the  mixing  layer  (m) 

IS  is  one  of  digits  1 through  €•  corresponding  to  stability  categories 
A through  F 

IT  is  an  indicator,  IT  = 0 for  total  dosage 

IT  * 1 for  2-minute  correction 

Variable  format  is  followed.  All  real  numbers  are  written  with  a 
decimal  point  and  fields  are  separated  by  comnas. 

The  program  outputs  X2»  and  X, 
where 

X^  is  the  distance  at  which  reflection  from  the  inversion  cap  begins 

X,  is  the  distance  at  which  vertical  mixing  is  uniform 

X is  the  distance  at  which  the  dosage  of  interest  occurs 

Program  SSCS  estimates  the  distance  to  a specified  dosage  of  interest 
from  a semicontinuous  (uniform  release  for  a finite  time)  source.  The 
estimate  is  made  for  either  total  dosage  or  2-minute  correction.  When 
Program  SSCS  is  executed,  the  following  input  is  requested: 

INPUT:  Q,  TS,  U,  D,  HML,  IS,  IT 
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where 


TS  is  the  release  time  (min) 

Program  SGDX 

The  program  will  types 

INPUT:  Q,  SYS,  SZS,  TS,  u,  D,  HML,  IS,  IT 

where 

Q is  the  source  (mg) 

SYS  is  the  source  sigma-y  (m) 

SZS  is  the  source  sigma-z  (m) 

TS  is  the  source  release  time  (min) 

(TS  = 0 is  instantaneous) 

u is  the  wind  speed  (m/s ec) 

D is  the  dosage  of  interest  (mg-min/m^) 

Intravenous  dose,  dj,  (mg)  when  IT  = 3 or  4 

HML  is  the  height  of  the  mixing  layer  (m) 

IS  is  one  of  digits  1 through  6 indicating  stability 
* 

(IS  * 7 will  request  meteorological  parameters) 

IT  is  an  indicator,  IT  * 1 for  total  dosage 

IT  - 2 for  2-minute  correction 

IT  ■ 3 for  inhalation-deposition 

IT  * 4 for  inhalation-deposition  without 
2-minute  correction 
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The  line  continues  to  type  headings  for  the  output  columns,  X , X , 
and  X.  As  soon  as  the  value  of  IT  is  input  and  the  return  key  is  pressed, 
the  computer  will  complete  the  calculation  and  list  X. , X^,  and  X on  the 
next  line.  The  program  is  then  ready  for  the  next  sec  or  input  values, 
starting  with  Q. 

Optional  Inputs 

If  IS  in  the  above  statement  is  input  as  7,  the  program  will  request 
the  following: 

INPUT:  ALF,  SY1,  BTA,  SZ1 , 

where 

ALF  is  the  slope  of  the  sigma-y  curve 
SY1  is  the  reference  sigma-y  at  X = 1 
BTA  is  the  slope  of  the  sigma-z  curve 
SZ1  is  the  reference  sigma-z  at  X = 1 

is  the  reference  value  for  conputing  X^^  (see  text) 

Program  PSST 

The  program  will  request: 

INPUT:  SLA,  SLO 


where 

SLA  is  the  station  latitude 
SLO  is  the  station  longitude 
The  program  will  then  request: 

INPUT:  IM,  ID,  HR,  ICC,  CH,  u 

where 

IM  is  the  number  of  the  month 

ID  is  the  day  of  the  month 

HR  is  the  time  in  hours  (24-hour  day) 
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ICC  is  the  Cloud  cover,  in  eights  (1/8) 
CH  is  the  cloud  height  (ft) 


u is  the  wind  speed  im/ sec) 

«w.«,ssi5“  • r euvstio”  -»-•  - «- 

and  minutes,  the  sun  elevation  anqle  i^in  T*  SUnSet  *re  °Utput  in  hours 

to  the  input  of  IM,  ID,  HR,  etc  \f  add^i**®9?668*  progra®  lo°Ps  back 

' n«,  etc.,  if  additional  runs  are  needed. 


) 
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PROGRAM  SINST 


SH0RT  T0TAL  D0SAGE  (IT=O)/SH0RT  2-MIN  CRT  ( IT: I ) /S A0/CCW 
DIMENSION  S Yl (6),ALF(6) ,SZ1 (6) ,BTA(6) ,C! (6) ,C2(6) 

DATA  SY1/.09, .0633 , .0 48 , .0634 , . 075 4 , .0796/ 

DATA  SZ1/.0222..1 ! ,.i 1 9 , .0898 , .0879, .079 l / 

DATA  ALF / 1 . , 1 . , 1 . , . 9, .8 • . 7/ 

DATA  BTA/I .4, I . ,.9,.E5, .8, .75/ 

DATA  Cl/10. 5,5. 5, 6. 13, 9. 49, fl. 2, 15. 3/ 

DATA  C2/ 15. 9, 9. 55, 1 1 .2, 18.1 ,21 .9,31.1/ 

3 PRINT  101 

101  FORMAT  (’INPUT:  Q,  U,  D,HM..,  IS,  IT ' ) 

READ  100, Q,  J,D,HML,IS,n 
APB:ALF(IS)+BTA(IS) 

HRB=HML**(I ./BTA(IS)) 

A LF I : ALF ( IS) 

XT=  1 . E3  6 

IF  (IT  .EQ.  1)  XT:(400.*U)**1 .076 
X 1 -Cl ( IS) *HRB 
X2=C2(IS)*HRB 

Q YZDU:Q/( 188.4*SY1 ( IS)*SZ1 ( IS)*D*U) 

Q YHDU-QYZDU* 1 .253*SZ1  (IS)/HML 

5 X=QYZDU**( I ./APB) 

IF  (X  .LT.  XI)  G0  T0  4 
X=Q YHDU** (1 . /ALF I ) 

IF  (X  , LT .i  X2 ) G0  T0  2 

4 IF  (X  .LT.  XT)  G0  T0  1 
UE= U**. 274/. 1937 
Q YZDU:QYZDU*UE 
QYHDU  = QYHDU*UE 
APB:APB+.255 
ALF I rALF 1+ .255 
X T: 1 . E36 
G0  T0  5 

2 Dl=QYZDU/Xi**APB 
D2=QYHDU/X2**ALFI 
S:L0G(X2/X1 ) /L  0 G ( D2 / D I ) 

X =X i /Dl**s 
G 0 T0  4 

1 PRINT  200, XI ,X2 ,X 
G 0 T0  3 

100  FORMAT  ( ) 

200  F0RMAT(23X, ' X 1 - ' , 1PE 10.3,  ’ X2r',E10.3,'  X=’.EI0.3.'  M' ) 

END 


PROGRAM  SSCS 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 


C SHORT  SEMI-C0NT  <IT=G)  W/2-MIN  C0RR  < I T = 1 ) /SA0/CGW 
DIMENSION  S Y1  (6)  ,ALF('6)  ,SZl  (6)  ,BTA(6)  ,Cl  (6)  ,C2(6) 

DATA  SY1 / .27 , . 1899, . 125 1268 1508  1592/ 

DATA  SZl/,0222,.1 1 , . I 1 9, .0898, .08  79, .0791 / 

DATA  ALF/1.,1.,1.,.9,.8,.7/ 

DATA  BTA/1 .4,1 .,.9, .85, .8, .75/ 

DATA  Cl/10.5,5.5,6.13,9.49,11.2,15.3/ 

DATA  C2/15, 9, 9. 55, 11. 2, 18. 1,21. 9,31.1/ 

PRINT  101 

101  FORMAT!'  INPUT:  Q , TS , U , D , HML, IS , I T ’ , 6X, 'X 1 ' ,8X , *X2 ' ,8X , ' X (M)' 


1 1 
12 
13 
I 4 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 
36 


3 READ  100,Q,TS,U,D,HML,  IS,  IT 
APB'ALF ( IS)+BTA( IS) 

HRB=HML**( 1 ,/BTA ( IS) ) 

ALFI=ALF (IS) 

ET:.281*TS*TS 

RU: .000025/! U*  U) 

X 1 =C 1 ( IS ) * HRB 
X2:C2(IS)*HRB 

QYZDU:Q/( 188 . 4*SY1 (IS)*SZ1 (IS>*D*U) 

Q YHDU:QYZDU* 1 .253*SZ1 ( IS) /HML 
IF  (IT  .EQ.  0)  GO  TO  5 
XT=0. 

IF  (TS  .GT.  3.77)  GO  TO  6 
XT:( (4.-ET)/RU)**.538 

5 X:QYZDU**( 1 ./APB) 

IF  (X  .LT.  XI)  GO  TO  4 
X: QYHOU** ( 1 ./ALFi) 

IF  (X  .LT.  X 2 ) GO  TO  2 

4 IF  (X  .LT.  XT  .OR.  IT  .EQ.  0)  GO  T0  1 

6 CALL  X E( GYZDU , APB) 

IF  (X  .LT.  XI)  GO  TO  1 
CALL  X E (Q YHDU, ALF I ) 

IF  (X  .GT.  X2 ) GO  TO  1 

QYZDU:QYZDU/( .82  7*  vET+RU*Xl** 1 .8588)** .137) 
QYHDU-QYHDU/(.S2  7*  (ET+RU* X2** 1 .8588)** . 137) 

XT  - 1 • E36 

2 D1 :QYZDU/XI**AP5 
D2:QYHDU/ X2+*ALF  I 
SrL0G(X2/Xl )/L0G(D2/Dl ) 

X=X1 /D 1 **S 
GO  TO  4 

1 PRINT  200, XI ,X2,X 
GO  TO  3 
100  FORMAT  ( ) 

200  FORMAT  (25X.3F 10.0) 

SUBROUTINE  XE(FQ.P) 

E:FQ/.827 
X -0 , 

DX - 1 . E 5 

7 XiX+DX 

IF  ( ( ( ET+RU*X** I .8588)**. 137* X**P>  .LT.  E)  GO  TO  7 

X-X”DX 

DX - DX/ 10. 

IF  (DX  .GE.  1 .)  GO  TO  7 

RETURN 

END 
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PROGRAM  SGDX 


SH0RT  INST(TS=O)/SEMI-C0NT  W/MIXING  LAYER  W/TD(IT=1) 
W/2-MIN.CRT(IT=2)  W/VX  I NH-DEP( I T=3 ) W/SRC  SIG  /SA0/CGW 
DIMENSION  SY1 I ( 6)  ,S Y1 C (6) , ALF ( 7)  ,SZ  1 (7) ,BTA(7) ,C 1 (7) 
DATA  SYl I/. 09,. 0633,. 048,. 0634,. 0754,. 0796/ 

DATA  SY1C/. 27,.  1899,. 125,. 1268,. 1508, .1592/ 

DATA  SZI / .0222 ,.11 ,. 1 1 9, .0898, .0879, .0791 ,0./ 

DATA  ALF/1.,1 .,1 .,.9, .8, .7,0./ 

DATA  BTA/1 .4 , 1 . , .9, .85 , .8 , . 75 ,0. / 

DATA  Cl / 10. 5, 5. 5, 6. 13, 9. 49,1 1 .2,15.3,0./ 

PRINT  101 

101  F0RMATC  INPUT:  Q,SYS,SZS, TS, U,D, HML, IS, IT* , 

$6X,’X1  ’ , 8X  , *X2  ' ,8X , ’ X (PI)’) 

3 READ  I 00 , Q,SYS ,SZS ,TS,U,D,HML,1S,IT 
IF  (IT  .NE.  0)  G 0 T0  7 

PRINT  102 

102  F0RMAT  (’  INPUT:  TMP,NM,  IT’ ) 

READ  I 00 ,TC , FNM, I T 
Q=Q*(.5+.00782*TC)*FNM 

7 SY1=SY1C(IS) 

IF  (TS  .EQ.  0.)  SYl =SY1 I (IS) 

IF  (IS  .NE.  7)  G0  T0  8 
PRINT  103 

103  FORMAT  (’  INPUT:  ALF,SY1 ,BTA,SZ1 ,C1 ’) 

READ  1 00 , ALF (7) ,SY1 ,BTA(7) ,SZ1 (7) ,C1 (7) 

8 B=(SYS/SY1 )**(1/ALF(IS)) 

C=(SZS/SZ1 (IS))**(1 ./BTA(IS)) 

QFI=Q*.01*U**2.38 

ET= .28 1*  TS*TS 
R U=. 000025/ ( IN<U) 

X1=C1*HHL**(1./BTA(IS>> 

X2=X1*1.76/BTA(IS)**.468 

XT=0. 

IF  (ET  .LT.  4.)  XTr((4.-ET)/RU)**.538 
IF  (IT  .EQ.  1 .0R.  IT  .EQ.  4)  XT=1.E36 
XC  - X I 

QF=Q/(188.5*SY1*SZ1 (IS)*U) 

* X=  1 0 . 

5 IF  (X  .GT.  XC)  X = X 1 
D2=QF/(X+B)**ALF(IS) 

IF  (X  .LE.  XI)  D2  = D2/(X+C)**BTA(IS) 

IF  (X  .GT.  XT)  D2  = D2/(.827*(ET+RU*X**1  .8588)**.  137) 

IF  (IT  .GT.  2)  D2=.00325*D2+QFI/X**2.38 

IF  (D2  .LT.  D)  G0  T0  2 

XSrX 

D1-D2 

I F (X  .EQ.  XI ) G0  T0  4 
X =X*1  .584893192 
G 0 T0  5 

4 X C= 1 .E36 

QF  = Q/(150.4*SY1*HML*U) 

X =X2 
G 0 T0  5 

2 IF  (X  .EQ.  10.)  G0  T0  6 

X =XS* (D/Dl )** (AL0G(X/XS) /AL0G(D2 /D1 ) ) 

6 PFINT  200, XI  ,X2,X 
G 0 T0  3 

100  FORMAT  ( ) 

200  FORMAT  (33X.3F10.0) 

END 
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PR0GRAM  PSST 


9»a****mseS‘ 


I C PASQUILL  STABILITY  CATEG0RY  SELECT0R/  TURNER/  5A0  CGW 


2 

DIMENSI0N  AC (4), IST<7,8> , 1ST AC 6) , I DC ( 12) fSE(4> 

3 

DATA  AC,  ISTA/15,35,60,90, ’A’ , 'B  \’C  VD’.’E  VFV 

4 

DATA  I ST/6,6,4,3,2, 1,1,  6 , 6, 4,3 ,2 ,2 , 1 , 6 ,5 , 4 ,4 ,3 ,2 , 1 , 

5 

( 

5 6, 5, 4, 4, 3, 2, 2,  5 , 4 ,4 , 4 ,3 ,3 ,2 , 5 ,4, 4 , 4 , 4,3 ,3 , 

6 

< 

l 4, 4, 4, 4, 4, 3, a,  4, 4, 4, 4, 4, 4, 3/ 

7 

DATA  IDC/0,0,3,3,4,4,5,5,5,6,6,7/ 

8 

DATA  VE,SE,HY/79.9775,9«:.78,93.64,89.8V39.,182.62/ 

9 

DATA  PH, PI, P2, RD/1 .570796 ,3 . 1 4 1 593 ,6.283 1 85 ,5 7.2958 /. 

10 

PRINT  101 

1 1 

101 

FORMAT  C INPUT:  SLA,  SL0') 

12 

READ  1 00 ,SLA ,SL0 

13 

100 

F0RMAT  ( ) 

14 

A^SLA/RD 

15 

PRINT  102 

16 

102 

F0RMAT  (’  INPUT:IM,ID,HR, ICC.CH.U* I0X, ’SR ’ , 4X, ’SS ’ , 

17 

< 

l 4X, ?AE’  ,4X, ’STB’ ) 

18 

10 

READ  I00,IM,ID,HR,ICC,CH,U 

19 

DJ=(IM-1)*31-IDC(IM)+ID 

20 

DV- DJ-VE 

21 

IF  (DV  .LT.  0.)  DV=DV+3S5. 

22 

DT:DV 

23 

D0  7 HI, 4 

24 

IF  (DT  .LT.  S E ( I ) ) G0  T0  8 

25 

7 

DT=DT-SE(I) 

26 

8 

DL-SIN(PH*((I“1)+DT/SE(I)))*.4091 

27 

EQni0.*SIN((DV+89.)/HY*P2>+7.75*3IN((DV+78)/HY*PI>>/60. 

28 

HDL: AC 0S(“. 014538/C 0S (A) /C0S (DL) - ( TAN( A)*T AN(DL) ) > / .26 1 3 

29 

TC=12.+EQ+(SL0/15.-AINT(SL0/15.)> 

30 

SR=((TC-HDL)-AINT( TC-H3L) )* ,6+A INT ( TC-HDL) 

31 

SS=((TC+HDL)-AINT(TC+HDL))+,6+AINT(TC+HDL) 

32 

AE:ASIN(SIN(A)*SIN(DU+C0S(  A) *C 0S ( DL) +C0S ( ( HR-TC)  + .2618 

33 

1=0 

34 

IF  (ICC  .EQ.  8 .AND.  CH  .LT.  7000.)  G0  T0  6 

35 

IF  (HR  .GT.  (13.-HPL)  .AND.  HR  .LT.  (ll.+HDL))  G0  T0  1 

36 

I =-2 

37 

IF  (ICC  .GT.  3)  I=-l 

38 

G 0 T0  6 

39 

1 

D0  2 1 = 1, 4 

40 

IF  (AE  .LT.  AC(  I) ) G0  T0  3 

41 

2 

C 0NTINUE 

42 

I =4 

43 

3 

IF  (ICC  .LT.  5 .03.  CH  .GT.  1600C.)  G0  T0  6 

44 

IF  (ICC  .GT.  7 , 0R , CH  .GE.  7000.)  G0  T0  4 

45 

1:1-2 

4S 

G 0 T0  5 

47 

4 

1 = 1-1 

48 

5 

IF  (l  . LT.  1 ) in 

49 

6 

m+3 

50 

J -U+ 1 • 

51 

IF  (U  .GT.  6.)  J:8 

52 

IS:IST(1,J) 

53 

PRINT  200,SR,SS,AE,ISTA(IS) 

54 

200 

F0RMAT  (32X ,3F6 .2 , 4X, A1 ) 

55 

G0  T0  10 

56 

END 
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APPENDIX  B 


LISTING  OF  TI-59  CODE  FOR 
PROGRAMS  SINST,  SSCS,  SGDX,  SEVP,  PSST 


Copies  of  Appendix  B will  be  available  from  the  author  upon  request. 
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ABSTRACT 

Background  studies  leading  up  to  this  task  are  described  and  the 
rationale  for  determining  the  feasibility  of  laser  cutting  of  the  M-55 
rocket  is  given.  The  facilities  for  the  experiment  are  described  and 
experimental  test  plans  presented.  Early  submission  requirements 
preclude  the  presentation  of  experimental  results  in  the  written  paper, 
but  preliminary  results  should  be  available  for  oral  presentation. 


I . INTRODUCTION 

The  study  of  the  feasibility  of  sectioning  M-55  Chemical  Rockets  is 
the  third  task  the  Ballistic  Research  Laboratory  (BRL)  has  undertaken 
for  the  Program  Manager  for  Chemical  Demilitarization  and  Installation 
Restoration  (CDIR) . Because  information  on  the  two  previous  tasks  has 
received  limited  distribution,  the  results  will  be  summarized  here  as 
background  to  the  current  program. 


II.  LASER  CUTTING  OF  CHEMICAL  PROJECTILES 

The  first  task  was  to  determine  the  feasibility  of  cutting  chemical 
projectiles  with  high  power  continuous  lasers.  The  results  of  this 
task  are  reported  by  Mr.  K.  Frank  in  BRL  MR  27561.  The  155mm  chemical 
projectile  was  selected  for  the  test  object.  Because  industrial 
facilities  with  no  explosive  handling  capabilities  were  to  be  used, 
several  inert  projectiles  were  equipped  with  thermocouples  as  shown  in 
Figure  1.  The  experimental  cuts  were  made  at  United  Technologies 
Research  Center,  at  Harford,  CT  and  at  AVCO,  Everett  Research  Laboratory. 
Laser  power  levels  of  3kW,  6kK  and  10.5kW  were  used.  The  155mm  pro- 
jectile has  a wall  thickness  of  1.5  cm  at  the  place  where  the  cuts  were 
made.  Cutting  speeds  of  1.48,  2.21  and  4.2  cms  per  sec  were  achieved 
using  an  oxygen  gas  jet  to  assist  the  cutting,  see  Figure  2.  No 


measurable  temperature  increase  was  recorded  at  either  thermocouple 
location  during  the  cutting,  although  temperatures  up  to  150°C  were  re- 
corded at  the  junction  of  the  burster  tube  and  projectile  wall  about  2 
minutes  after  the  cut.  Temperatures  in  the  wax  explosive  simulant  reached 
a high  of  82SC  about  3 minutes  after  the  cut.  The  experiments  demonstrated 
that  laser  cutting  of  projectiles  can  be  an  efficient  operation  with  CO2 
lasers  available  commercially. 

A few  experiments  were  also  performed  on  completely  inert  M-55 
rockets.  Cutting  speeds  of  3.4  cm/sec  were  demonstrated  for  the  fiber- 
glass shipper/ launcher  tube,  and  2.5  cm/sec  for  the  shipper/ launcher  tube 
backed  by  the  steel  motor  case  with  laser  powers  of  3.0  kilowatts. 

III.  LASER  ASSISTED  BURNING  OF  BURSTER  TUBE  EXPLOSIVES2 

For  this  test  series  two  types  of  burster  tubes  were  filled  with 
Composition  B and  Tetryl  and  tested.  The  burster  tube  diameters  used 
were  2.54  cms  and  4.1  cms  of  varied  lengths.  The  burster  tubes  were 
placed  inside  a cylindrical  steel  shield  with  one  end  open  which  was 
surrounded  by  a sand  bag  barrier.  The  laser  beam  was  brought  into  the 
shield  via  mirrors  and  focussed  on  the  open  end  of  the  burster  tube  with 
a spherical  mirror.  The  entire  setup  was  outside  the  building  housing 
the  BRL  2kW  C02  laser. 

As  might  be  expected  the  mass  burning  rate  for  the  larger  diameter 
tube  was  greater  than  that  for  the  smaller  tube,  although  not  as  much 
greater  as  the  exposed  area  ratio.  This  may  be  explained  by  effects  of 
the  burster  tube  walls.  When  laser  intensities,  ranging  from  18  kW/cm2 
to  0.2  kW/cm2,  were  used  to  assist  the  burning,  burning  times  were 
shortened  considerably.  Rather  unexpectedly  the  length  of  the  burster 
tube  being  tested  was  an  important  parameter.  Laser  assisted  mass  burn- 
ing rates  measured  ranged  from  4 grams/sec  to  1.4  grams/sec  compared  to 
0.4  grams/sec  average  for  the  Composition  B filled  tube  burning  un- 
assisted. There  are  several  anomolies  that  need  to  be  investigated  be- 
fore a final  model  of  laser  assisted  burster  tube  burning  can  be 
developed.  These  will  be  addressed  when  the  current  efforts  on  cutting 
M-55  rockets  allow  these  tests  to  be  scheduled.  Regardless  of  the  model 
development,  it  has  been  shown  that  laser  assisted  burning  of  burster 
tube  explosives  can  reduce  burning  times  by  a factor  of  3 or  more. 


IV.  LASER  CUTTING  OF  M-55  ROCKETS 

In  this  section  the  reasoning  that  makes  laser  cutting  of  M-55 
rockets  a desirable  goal  and  background  data  that  indicate  that  there  is 
a possibility  *or  successful  sectioning  of  the  live  munition  will  be 
discussed. 
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A.  Background 


The  current  procedure  for  cutting  the  M-55  chemical  rocket  into 
seven  sections  for  demilitarization,  uses  circular  saws  under  a sodium 
carbonate  solution  with  the  entire  operation  inside  an  agent  confinement 
area.  Maintainance,  even  of  a routine  nature,  becomes  a difficult,  time- 
consuming  operation  under  these  conditions.  Protective  clothing  is 
required  for  individuals  performing  maintainance  work  and  decontamination 
is  required  after  the  work  is  completed.  Initial  testing  has  shown  that 
commercial  CO2  lasers  are  capable  of  performing  the  cutting  of  the 
various  rocket  materials  (i.e,,  aluminum,  steel,  and  fiber-glass).  Table 
I shows  cutting  speeds  and  power  requirements  obtained  by  Mr.  Frank1  for 
these  materials.  The  advantage  obtained  by  the  laser  is  that  the  laser, 
and  its  auxiliary  equipment,  can  be  located  externally  to  the  agent 
containment  structure  thus  making  maintainance  a rather  easy  routine 
task.  Inside  the  containment  structure  only  some  relatively  cheap  beam 
steering  and  focussing  mirrors  are  required  in  addition  to  material 
handling  equipment.  A method  of  getting  the  laser  energy  into  the  con- 
tainment structure  is  required,  but  can  be  handled  within  the  state-of- 
the-art  and  requires  no  special  development  program. 

The  one  area  of  uncertainty  in  the  laser  sectioning  of  M-55  rockets 
is:  can  a laser  be  used  to  cut  the  rocket  motor  without  igniting  it? 

In  searching  the  available  literature  there  is  evidence  that  suggests 
laser  cutting  of  propellant  may  be  possible.  For  non-reactive  solid 
targets  there  exist  a large  number  of  papers  which  treat  the  heat  trans- 
fer problem  of  laser  irradiated  targets  (see  Refs.  3,  4.  5 for  example). 
Harrach6  has  developed  a model  for  thermal  ignition  of  high  explosive 
by  lasers.  In  this  paper  he  shows  that  at  intensity  levels  above  some 
critical  value  the  explosive  can  be  vaporized  away  without  igniting  the 
solid  material.  Table  II,  by  Harrach,  shows  the  predicted  value  for 
four  explosives.  Notice  that  the  required  intensities  to  exceed  this 
critical  intensity  is  well  below  levels  obtainable  with  a rather  modest 
CO2  lasei. 

A variety  of  papers  exist  on  the  ignition  of  solid  propellants  by 
radiant  energy.  The  most  pertinent  to  our  problem  are  Hightower7,  Bush 
and  Williams”,  Lilian  and  Williams9'10,  Kindelan  and  Williams11,  Lifldn 
and  Crespo12  and  Kindelan  and  Liflfin13.  Hightower7  used  an  arc  image 
fumance  as  his  ignition  source  for  .experiments  on  ammonium  perchlorate 
propellants.  He  shows  that  ignitions  times  were  shortest  with  Oxygen  as 
the  environmental  gas  and  longest  with  Helium.  A result  attributable  to 
the  high  values  of  specific  heat  and  thermal  conductivity  of  Helium 
compared  to  Oxygen. 

The  theory  of  ignition  of  solid  materials  exposed  to  uniform  radiant 
flux  of  energy  is  developed  in  References  8 thru  13.  In  very  general 
terms,  three  methods  of  ignition  are  developed  which  depend  on  the 
nature  and  composition  of  the  propellant.  One  may  have  initiation  of  an 
exothermic  reaction  in  the  condensed  phase  of  the  propellant,  or  an 
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Table  I.  Cutting  of  Composite  Cylinders  by  Gas-Assisted  CC>2  Laser 


tl 

C2 

P 

Gas 

Speed 

r/i 

i 

W 

mm 

mm 

mm 

kW 

- 

cm/s 

'■ec 

kWs 

5.1 

0 

0 

3.0 

C02 

3.50 

7.9 

24 

5. 1 

2.5 

7.6 

3.0 

°2 

2.54 

10.9 

33 

5.1 

2.5 

8.9 

6.0 

C°2 

0.64 

43.2 

259 

5.1 

2.5 

10.7 

6.0 

C02 

0.42 

65.8 

295 

S.l 

2.5 

0 

6.0 

C02 

1.27 

21.8 

131 

5.1 

2. 5 

0 

3.0 

°2 

2.54 

10.9 

33 

S.l 

0 

0 

10.5 

Air 

17.0 

1.6 

16.8 

5.1 

2.S 

9.7 

10.5 

He 

2.54 

10.9 

114 

V 

wall  thickness  of  outer  cylinder  (Fiberglass 

tube) 

t2* 

motor  case  (steel) 

C3  = 

warhead 

(aluminum. 

innermost 

cylinder) 

dl  * 

124.5mm 

d2  = 

115mm,  airspace  between  outer  cylinder 

and  rocket  assembly 

{tl  + t2  + V/di  * °-04  - 0. 20 
t.  time  required  to  complete  circular  cut 
W * PlT:  energy  required  for  complete  cut 

NOTE:  Data  obtained  on  M55  rocket  assembly 

Table  II. 


Explosive 

I#  kW/cm 

PETN 

1.86 

RDX 

1.9 

HMX 

1.1 

TNT 

0.05 

th„  I^iVa-UeS  °f  I<T*  tf)e  exPlosive  is  expected  to  burn,  but  for  I>I< 

thl  sSr«t«i.Ixpect  t0  viporiT'  “d  be  remve4  uith°M  *«»“»»« 
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exothermic  reaction  at  the  surface  of  the  propellant,  or  lastly  an 
endothermic  gasification  process  followed  by  an  exothermic  reaction  in 
the  gas  phase  adjacent  to  the  solid  surface.  The  effects  of  reactions 
rates,  and  thermal  processes  are  explored  in  detail  by  Williams,  Lirldn, 
and  Kindelan  in  the  referenced  papers.  It  is  not  at  all  clear  how  the 
proposed  tests  on  the  M-55  rocket  motor  will  compare  to  these  theoretical 
analyses,  because  the  proposed  tests  are  to  be  made  on  propellant  encased 
in  a motor  case;  the  energy  is  delivered  to  a very  small  area;  radiant 
energy  intensities  can  be  very  large;  and  the  spectral  distribution  of 
energy  is  very  narrow,  which  may  effect  energy  absorption.  In  spite  of 
the  uncertainty  of  success  for  these  tests  (success  is  defined  as 
sectioning  an  M-55  rocket  without  igniting  the  propellant)  the  possible 
advantages  justify  a feasibility  study. 

B.  Approach 

The  M-55  rocket  must  be  cut  in  the  6 locations  indicated  in  Figure  3 
prior  to  treatment  in  the  demilitarization  process.  You  will  note  that 
three  of  the  cuts  must  be  made  through  the  rocket  motor.  Furthermore, 
the  cuts  must  be  made  with  the  rocket  in  its  shipper/ launcher  tube. 

Thus,  one  must  first  cut  through  the  fiberglass  tube,  then  the  steel 
motor  case  and  then  the  propellant.  Previous  work  (Ref.  1)  shows  that 
cutting  of  the  shipper/ launcher  tube  and  the  motor  case  present  no 
problems.  Therefore  our  efforts  will  be  directed  primarily  toward  the 
safe  cutting  of  propellant. 

The  initial  experiments  will  be  performed  with  thin,  a 5mm  thick, 
slices  of  M2 8 propellant  from  the  rocket  motor.  A very  finely  focussed 
laser  beam  (diameter  of  the  focal  spot  less  than  lmin)  will  be  used,  and 
a jet  of  Helium  gas  will  be  used  to  dilute  and  cool  the  vaporized 
material  from  the  solid  propellant.  This  combination  was  selected  as  the 
most  likely  to  result  in  successful  cutting  of  the  propellant.  Once 
successful  cutting  is  demonstrated  the  range  of  cutting  parameters  will 
be  examined,  i.e.,  laser  power,  focal  spot  diameter,  sample  feed  rate, 
gas  flow  rate  and  angle  of  attack  of  the  gas  jet.  After  sufficient 
knowledge  has  been  obtained  thicker  samples  will  be  tested  until  thick- 
nesses equal  to  the  rocket  motor  radius  have  been  tested.  Following 
this  test  series  will  be  experiments  with  a thin  steel  plate  on  the 
exposed  surface  of  the  propellant  to  simulate  the  motor  case.  Finally 
with  all  parameters  optimized  cutting  tests  will  be  performed  on  sections 
of  M-55  rocket  motors. 

C.  Progress 

Prior  to  starting  experimental  work,  a suitable  location  had  to  be 
found  where  it  would  be  safe  to  work  with  the  complete  munition.  It 
should  be  noted  here  that  no  tests  with  munitions  containing  chemical 
agents  will  be  made  in  this  test  series  or  at  this  location.  The  actual 
rocket  used  will  be  the  M-61  which  is  a training  round  identical  to  the 
M-55  rocket  except  that  the  M-61  contains  no  agent.  Safe  working 
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conditions  for  handling  explosives  and  propellant  are  required  however. 
The  site  selected  was  range  15  in  the  BRL  test  area  on  Spesutie  Island 
at  the  Aberdeen  Proving  Ground.  The  existing  reinforced  concrete  build- 
ing at  this  location  had  to  be  expanded  and  the  electrical  service  up- 
graded in  order  to  accomodate  the  CO2  laser.  Figure  4 shows  a drawing 
of  the  facility.  This  facility  was  completed  in  early  June  of  1978  and 
provides  an  excellent  opportunity  for  laser  experiments  on  explosives 
and  propellants. 

Although  the  BRL  laser  is  rated  for  2 kW  of  output  power,  power 
levels  as  high  as  4 kW  have  been  achieved.  These  outputs  are  multimode 
and  consequently  are  not  readily  focussed  to  a small  spot  and  tend  to 
have  radiation  levels  around  the  focal  spot  which  have  significant  power. 
While  the  experimental  site  was  being  prepared  the  BRL  CO2  laser  was 
returned  to  the  manufacturer  for  modification.  The  major  modifications 
included  the  installation  of  a rigid  truss  frame  for  mounting  the  laser 
mirrors  and  the  installation  of  an  unstable  resonator  mirror  system. 

These  modifications  result  in  a laser  output  beam  which  is  single  mode 
and  hence  easily  focusable.  The  total  power  out  or  the  laser  will  be 
reduced,  but  intensities  in  the  focal  spot  will  be  larger.  Figure  5 
shows  a sketch  of  the  unstable  resonator  configuration.  One  character- 
istic of  this  unstable  resonator  configuration  is  an  output  beam  with  un 
annular  cross  section.  Figure  A shows  a focussing  system  which  usee 
this  characteristic  to  allow  on  axis  spherical  mirror  focussing  of  the 
laser  beam.  This  technique  is  appropriate  for  the  pilot  plant  operations 
also  as  spherical  mirrors  are  significantly  cheaper  than  those  with 
aspherical  surfaces.  Also  it  is  important  when  using  spherical  mirrors 
to  be  able  to  perform  experiments  on  the  optic  axis  of  the  mirror  to 
avoid  aberrations. 

D.  Status 


The  schedule  for  this  task  has  slipped  principally  because  of  con- 
struction delays  in  the  modification  of  the  building  at  the  test  range. 
Modifications  were  completed  in  June  of  1978,  and  the  laser  system  and 
optical  system  are  being  installed  during  July.  Although  there  are  no 
experimental  results  to  report  at  this  time  it  is  hoped  that  some  pre- 
liminary test  data  will  be  available  for  oral  presentation  at  the 
September  meeting. 
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Fiqure  1.  155itm  Inert  Gas  Projectile  Showing  Location  of  Thermal 
Sensors  During  Laser  Cutting  of  the  Projectile 
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Figure  2.  Orientation  of  Projectile,  Laser  Beam,  and  Gas  Jet 
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Figure  6. 


Diagram  of  the  Focussing  System  for  the  Annular 
Crossection  Laser  Beam 
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THE  ROLE  OF  THE  SAFETY  MANAGER  IN  SUPPORT 
OF  CHEMICAL  DEMILITARIZATION  PROGRAMS 


I.  INTRODUCTION 

A.  Good  morning,  my  name  is  Lawrence  Smith;  I am  the  Safety  Manager 
for  the  Office  of  the  Project  Manager  for  Chemical  Demilitarization  and 
Installation  Restoration  (OPMCDIR),  Aberdeen  Proving  Ground,  Maryland. 

B.  This  portion  of  the  Chemical  Munitions  Demilitarization  and 
Hazard  Prediction  Session  is  devoted  to  a discussion  of  safety  manage- 
ment methods  and  philosophy  leading  to  the  successful  safety  record 
compiled  during  the  disposal  of  lethal  chemical  warfare  agents  and 
munitions  during  the  past  six  years.  This  safety  record  is  the  result 
of  a total  commitment  to  safety  and  a team  effort  from  the  participating 
personnel  of  the  Defense  Department  through  the  OPMCDIR  and  the  install- 
ations where  the  programs  were  accomplished. 

II.  BACKGROUND 

A.  The  OPMCDIR  is  responsible  for  providing  intensive  and  central- 
ized management  for  the  timely  and  effective  accomplishment  of  the 
demilitarization  of  hazardous  chemical  substances  and  munitions  including 
lethal,  incapacitating  and  other  chemicals  as  specified  by  the  Department 
of  the  Army. 

B.  Demilitarizatrion  is  the  act  of  destroying  the  military  advantages 
inherent  in  certain  types  of  equipment  or  materiel.  Demilitarization  in 
effect,  prevents  the  further  use  of  equipment  or  materiel  for  its 
originally  intended  military  or  lethal  purpose.  More  specifically,  the 
chemical  demilitarization  process  involves  the  following  major  technical 
steps: 


(1)  Separation  of  the  agent  and  the  explosive  components. 

(2)  Detoxification  of  the  Agent. 

(3)  Thermal  deactivation  of  the  explosives. 

(4)  Decontamination  of  residual  material. 

C.  The  chemical  demil  projects  represent  a significant  technical 
achievement.  In  a period  of  a few  years,  the  Army  has  successfully 
planned,  designed,  fabricated,  tested  and  operated  complex  facilities 
for  the  demil  and  disposal  of  toxic  chemical  agents  and  munitions. 

Since  1972  when  the  chemical  demil  office  was  formed,  no  fatalities  or 
serious  injuries  have  occurred  in  any  demil  operation  sponsored  by  the 
Project  Manager's  Office.  The  following  successful  chemical  demil 
operations  have  been  completed  with  absolute  safety  to  workers  or  nearby 
heavy  populated  areas : 

COMPLETED  CHEMICAL  DEMIL  PROGRAMS 


Location 
Johnston  Island 
Rocky  Mountain  Arsenal 
Rocky  Mountain  Arsenal 

Edgewood  Arsenal 

Rocky  Mountain  Arsenal 
Rocky  Mountain  Arsenal 

Rocky  Mountain  Arsenal 
Dugway  Proving  Ground 
Dugway  Proving  Ground 

Rocky  Mountain  Arsenal 


jmpletion 

Date 

Agent 

Nov  73 

GB  (nerve) 

Mar  74 

H (mustard) 

Nov  74 

GB  (nerve) 

Aug  75 

Lethal  and 
Nonlethal 

Nov  75 

GB  (nerve) 

Aug  76 

GB  (nerve) 

Sep 

76 

GB  (nerve) 

Sep  76 

GB 

(nerve) 

Sep 

77 

GB 

(nerve) 

Mar 

77 

GB 

(nerve) 
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Item/ Amount 

19  M55  Rockets 

3,407  Ton  Containers 

40,000  Gallons  Stored 
in  Underground  Tanks 

65  Drums 

2,422  Ton  Containers 

106  Honest  John  Warheads 

1,222  Ml 39  Bomblets 

39,532  Bomblet  Halves 

21,114  M34  Cluster  Bombs 

395  M55  Rockets 

1 , 515%  M139,  El  39 
Bomblets 

1 Weteye  Bomb 


- 


D.  This  safe  and  successful  record  of  Che  disposal  of  over  1,500,000 
gallons  of  lethal  chemical  warfare  agent  is  an  exemplary  accomplishment 
attributed  to  the  planners,  managers  and  workers  of  the  OPMCDIR  and  the 
installations  involved.  These  additional  chemical  demil  programs  are 
currently  being  planned  or  are  nearing  completion:  Chemical  Agent 
Munitions  Disposal  System,  Drill  and  Transfer  System,  Agent  AC  Bomb 
Disposal,  BZ  Cluster  Bomb  Downloading,  Agent  CG  Ton  Container  Disposal, 
and  Chemical  Agent  Identification  and  Training  Sets  Demilitarization. 

III.  BASIC  PRINCIPLES 

Based  upon  my  personal  experience  and  training,  I have  defined  three 
basic  principles  which  I use  in  my  role  as  a safety  manager.  These 
principles  are  emphasized  throughout  the  life-cycle  of  a demil  program 
and  are  integrated  wherever  possible.  I think  of  these  three  principles 
as  the  keystones  to  hold  together  the  eight  elements  of  the  Army  safety 
program.  These  three  principles  are:  assure  management  commitment; 
keep  safety  involved  throughout;  and  interface  completely  with  local 
safety  personnel. 

A.  Management  Coiaaitment 

As  in  all  good  safety  programs,  the  necessary  emphasis  on  safety 
must  begin  at  the  top  and  be  carried  through  all  echelons  of  management 
and  supervision  to  the  workers  who  actually  perform  the  task.  The 
OPMCDIR  successful  safety  record  is  a reflection  of  a firm  commitment  by 
top  Army  management  to  a clearly  defined  safety  policy  for  the  enlistment 
of  all  echelons  of  management  and  supervision  in  support  of  the  safety 
effort.  This  commitment  to  safety  in  chemical  demil  programs  has  been 
firmly  defined  by  the  Army  as  follows: 

(1)  Absolute  safety. 

(2)  Maximum  protection  for  operating  personnel. 

(3)  Absolute  assurance  of  total  containment  of  Agent. 

(4)  Incontrovertible  data  to  justify  personnel  safety,  security  and 
community  safeguards. 

The  effectiveness  of  the  chemical  demil  safety  program  is  dependent  upon 
top  management's  active  support  of  these  commitments  and  the  skill  of  the 
safety  manager  in  focusing  this  support  into  a meaningful  effort. 
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B.  Local  Safety  Interface 


OPMCDIR  is  considered  a staff  office  and  not  an  operational 
element.  OPMCDIR  managers  and  engineers  cause  actions  to  be  taken  by 
operating  elements  by  providing  plans,  funds,  direction  and  control  of 
the  program  for  the  demilitarization  of  substances  designed  for  disposal. 

The  installation  where  the  actual  demil  is  done,  supplies  the  manpower, 
utilities  and  support  for  accomplishing  the  program.  Integration  of 
past  demil  safety  experience  and  site  specific  safety  criteria  developed 
during  the  early  stages  of  a project  must  be  carried  through  and 
implemented  by  the  local  installation.  Local  safety  personnel  must  be 
consulted  and  plans  coordinated  with  them  to  assure  uniform  direction  of 
the  safety  program  during  day-to-day  safety  of  construction  and  actual 
demil  operations. 

C.  Safety  Manager  Involvement 

It  is  my  belief  that  the  safety  manager  functions  best  as  a 
coordinator  of  expertise.  It  is  not  his  job  to  operate  the  system.  Based 
upon  the  Army's  total  commitment  to  safety  the  safety  manager's  proper 
role  is  simply  to  make  things  happen.  He  is  actually  an  influencer  of 
action;  he  must  influence  other  people  to  make  the  correct  decisions  or 
to  make  the  necessary  changes  to  guarantee  equipment,  facilities, 
procedures,  and  personnel  conform  to  stringent  safety  criteria  and  can 
perform  their  intended  operational  functions.  The  job  of  the  safety 
professional  is  no  longer  that  of  the  engineer  or  technician  alone.  Short 
term  corrections  such  as  those  usually  resulting  from  routine  safety 
inspections  on  the  operating  line  are  of  relatively  small  impact  to  the 
total  safety  program  in  the  long  run.  Those  corrections  which  have  a more 
permanent  impact  on  the  safety  of  operations  are  instituted  during  the 
initial  planning  and  design  of  the  program.  Those  who  can  bring  more 
permanent  solutions  into  effect  are  the  project  engineers,  the  managers. 

That  is  why  the  safety  manager  must  work  through  management  in  order  to  be 
effective.  By  themselves,  safety  managers  cannot  prevent  accidents. 

With  the  skill  to  influence  the  demil  program  managers,  a safety  manager 
can  have  significant  influence  even  with  a small  staff.  This  influence  must 
begin  with  the  project  concept  and  continue  through  the  entire  life  of  the 
project.  Development  of  a chemical  demil  program  follows  a typical  life 
cycle  from  start  to  finish.  The  safety  manager's  role  in  influencing  this 
life  cycle  development  is  considerably  strengthened  if  he  is  made  aware  of 
all  program  management  plans  as  they  develop  and  progress.  It  is  much 
simpler  and  more  acceptable  to  management  if  safety  criteria  is  incorporated 
during  the  initial  planning  and  design  phases.  A typical  life  cycle  follows 
these  stages: 
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(1)  Design  Concept 

(2)  System  Development 

(3)  Authorization  Documentation 

(4)  Equipment  Fabrication/Facility  Construction 

(3)  Project  Systemization 

(6)  Preoperational  Survey 

(7)  Operations 

(8)  Cleanup,  Layaway 

IV.  INTEGRATION  OF  PRINCIPLES  INTO  PROJECT  LIFE  CYCLE 

The  degree  of  safety  achieved  in  a demil  project  is  directly  dependent 
upon  the  skill  of  the  Safety  Manager  in  integrating  these  three  general 
principles  into  the  safety  program  at  each  stage  of  the  project  life  cycle. 

A.  Design  Concept 

1.  A concept  proposing  a technical  approach  to  the  conduct  of  the 
demil  operation  is  developed.  It  may  only  be  a paper  study  of  alternatives 
or  it  me>  require  a demonstration  of  the  technical  feasibility. 

2.  The- safety  manager's  role  is  to  highlight  to  management  the 
special  areas  of  safety  consideration.  He  must  provide  safety  references 
and  requirements  and  identify  standards  which  are  not  currently  available 
and  require  development.  Attendance  at  planning  meetings  is  crucial  to 
influencing  and  understanding  management  actions  during  this  stage. 

Decisions  will  have  major  impact  on  the  total  project  and  must  not  compromise 
safety.  Local  safety  personnel  where  the  project  will  be  consumated  must 

be  kept  aware  of  plans  and  decisions  as  should  safety  personnel  of  any 
supporting  organizations. 

B.  System  Development 

1.  System  development  is  the  development  and  engineering  of  the 
project  process  and  associated  equipment  and  facilities.  It  could  involve 
pilot  or  full  scale  equipment  and  process  studies.  Data  will  be  generated 
to  validate  the  process  for  scale-up.  Equipment  drawings,  specifications, 
personnel  requirements  and  site  information  will  be  prepared.  Draft 
environmental  documents  will  be  prepared. 
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2.  The  safety  manager  must  furnish  or  evaluate  safety  design 
criteria  and  participate  in  technical  design  program  reviews.  He  must 
also  describe  safety  tests  or  data  needed  and  begin  development  or 
unavailable  safety  standards.  Engineering  drawings,  maintenance  manuals, 
demil  plans,  environmental  plans  and  safety  site  plans  must  receive 
safety  input.  With  a management  commitment  to  safety  obtained  in 
earlier  stages,  the  ability  to  influence  design  and  plans  is  increased. 
Cooperating  safety  offices  must  be  kept  informed  and  assist  in  making 
decisions  so  that  a uniform  safety  approach  is  achieved. 

C.  Authorization  Documentation 


1.  A compilation  of  documents  are  needed  to  inform,  justify, 
prove  technical  details  and  receive  project  approval.  A safety  assessment 
of  the  proposed  location  of  the  operation,  a site  plan,  must  be  approved 
by  DDESB.  Hazard  Zone  Calculations  defining  a danger  zone  for  a maximum 
credible  accident  must  be  submitted.  A Final  Safety  Submission  providing 
detailed  procedures,  facility  descriptions,  and  technical  documentation 
also  must  be  submitted  and  approved  by  DDESB. 

2.  These  documents  are  prepared  by  the  installation  where  the 
work  is  to  be  accomplished  with  the  aid  of  the  OPMCDIR.  The  safety  manager 
will  assist  in  the  preparation,  review  and  staffing.  He  will  answer  any 
questions  during  the  chain-of-command  review  and  will  remain  a record  of 
approvals . 

D.  Equipment  Fabrication/Facility  Construction 

1.  Full-scale  process  equipment  will  be  fabricated  or  procured, 
necessary  facilities  and  utilities  erected,  and  process  and  support  equip- 
ment and  utilities  unstalled.  Ancillary  equipment  necessary  to  assure 
safety  and  environmental  pollution  control  will  also  be  erected.  Standing 
operating  procedures  and  employee  training  programs  will  be  drafted. 

2.  The  Safety  Manager  will  attend  management  status  reviews, 

visit  the  construction  site  and  review  its  development  against,  drawings 
to  assure  accurate  incorporation  of  all  safety  designs.  Hr  • 1 assure 

local  safety  personnel  are  included  as  the  facility  is  con*  r-  -ted  and  will 
review  or  assist  the  local  installation  in  the  preparation  v>  SOPs  and 
training  programs. 

E.  Project  Systemization 

1.  The  process  and  equipment  will  be  evaluated  during  this  phase 
to  determine  the  capability  of  the  facility  to  meet  design  goals  as  regards 
production  rates,  maintainability,  personnel  training,  safety,  and  environ- 
mental controls. 
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2.  The  Safety  Manager  now  aids  the  Program  Managers  in 
establishing  test  requirements  and  ensuring  that  safety  verification  of 
design  criteria  is  included  in  the  test  program.  He  provides  input  to 
local  operator  training  and  reviews  test  data. 

F.  Preoperational  Survey 

1.  Prior  to  conducting  actual  toxic  chemical  agent  operations, 
an  operation  using  simulated  agent  or  inert  items  will  be  conducted. 

This  is  intended  to  permit  identification  and  correction  of  any  unsafe 
condition  before  conducting  operations  with  hazardous  materials. 

2.  To  assure  that  facilities  developed  under  OPMCDIR  jurisdiction 
conform  to  approved  safety  criteria  and  can  perform  intended  operational 
functions,  a preoperational  survey  is  conducted.  Only  upon  a positive 
recommendation  by  the  survey  team  and  approval  by  the  PM  may  actual  toxic 
agents  be  introduced  to  the  facility. 

3.  The  Safety  Manager  acts  as  the  chairman  of  the  PMO  preop  team. 
Team  members  are  assembled  from  organizations  knowledgeable  in  agent 
operations.  The  local  installation  safety  office  end  the  next  higher 
command  safety  office  are  requested  to  provide  members.  The  survey  team 
coordinates  all  recommendations  with  top  management  to  assure  the  appropriate 
emphasis  is  given. 

C.  Operations 

1.  The  production  scale  demil  operation  is  carried  out  during 
this  phase.  The  operation  may  take  only  a day  or  two  or  may  continue  for 
several  years.  The  plant  is  operated  on  l,  2,  or  3 shifts  depending  on 
the  requirements,  money,  and  schedule  developed.  Engineering  changes  are 
made  as  experience  is  gained  to  increase  productivity  or  safety. 

2.  The  Safety  Manager  will  monitor,  inspect  and  audit  the  plant 
to  assure  safety  achieved  in  design  is  maintained  and  adequate  during 
operations.  He  will  analyze  accidents,  incidents,  and  failures  to  identify 
unsafe  conditions.  He  will  review  engineering  change  proposals  (ECP), 
production  improvement  proposals  (PIP),  and  operator  deficiency  reports 

to  assure  that  safety  is  not  degraded.  He  also  conducts  studies  or  pre- 
operational surveys  of  modifications  and  reviews  operating  and  maintenance 
publication  changes  for  safety  requirements,  cautions,  etc. 

3.  These  actions  are  conducted  in  cooperation  with  the  local 
installation  safety  office  and  all  recooraendations  or  comments  are  discussed 
with  the  local  commander  and  the  OPMCDIR  program  managers. 
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V . / 

K.  Cleanup  and  Layaway 

1.  This  phase  covers  the  decontamination,  dismantling,  layaway  or 
destruction  of  he  equipment  and  facilities  used  during  demilitarization 
operations.  also  covers  the  disposal  of  any  agent  containers  and  by- 
products resulting  from  the  demilitarization  operations.  In  some  instances 
the  clean  equipment  may  be  transported  to  another  site  for  reuse.  In  cases 
where  sale  or  further  handling  by  commercial  firms  is  proposed,  certification 
of  the  product  as  to  safeness  to  handle  and  freedom  from  contamination  must  be 
furnished. 


2.  The  Safety  Manager  will  review  cleanup  and  decontamination  plans 
and  SOPs.  He  will  assist  in  coordinating  approvals  of  decon  levels  and 
methods.  Decon  standards  and  limits  for  agent  concentrations  allowable 
following  cleanup  must  be  developed.  He  will  also  monitor  the  actual 
decontamination  and  disposal  operations  and  assure  materials  for  disposal 
are  adequately  marked  and  documented. 

I.  Top  management  commitment  provides  the  necessary  backing  and  authority 
for  the  Safety  Manager.  Safety  Manager  involvement  throughout  the  program 
makes  engineers  and  managers  aware  of  safety  interest,  responsiveness,  and 
availability  for  assistance  in  decision  making.  Local  safety  interface 
assures  uniformity  in  directing  the  safety  program  from  planning  sessions  to 
daily  operations. 

i 

V.  PITFALLS  IN  THE  SAFETY  MANAGER’S  ROLE. 

A.  Two  pitfalls,  however,  can  reduce  the  effectiveness  of  the  Safety 
Manager  and  must  be  avoided.  One  is  the  undue  dependence  on  standards, 
regulations,  and  codes  for  the  answers  to  all  safety  problems.  The  other 
is  the  inability  to  be  reasonable  and  practical  with  engineers  and 
managers  when  developing  and  implementing  the  safety  program. 

1.  It  would  make  the  job  of  the  safety  manager  rather  simple  and 
easy  if  mere  conformance  to  written  standards  was  an  adequate  assurance  of 
safety.  However,  undue  reliance  on  safety  standards  as  a safety  remedy 
may  subvert  professional  management  activities  needed  to  assure  adequate 
emphasis  on  the  more  significant,  long-term  safety  program.  Confronted  by 
a mass  of  regulations,  some  managers  have  allowed  themselves  to  define  the 
safety  mission  as  compliance  with  regulations  rather  than  development  of 
comprehensive  planning.  We  must  move  away  from  the  concept  of  code  or 
regulation  compliance  only  and  spend  more  of  our  time  in  the  area  of  an 
inclusive,  all  embracing  safety  program. 
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2.  As  an  influencer  of  actions,  the  Safety  Manager  must 
routinely  work  with  the  project  managers  and  engineers  who  are 
professionals  at  their  jobs.  He  must  maintain  their  respect  for  himself 
and  their  respect  for  uncompromising  safety.  Chemical  demil  is  new  and 
unique;  safety  guidance  must  be  provided  for  unprecendented  operations 
not  covered  by  existing  regulations  or  experience.  In  the  absence  of 
generally  accepted  and  uniformly  understood  guidance,  the  Safety  Manager 
must  approach  the  implementation  of  the  safety  program  with  practicality 
and  reasonableness.  He  should  not  claim  exclusive  jurisdiction  over  a 
body  of  knowledge  but  must  listen  to  and  accept  the  experience  and  concepts 
of  the  professional  managers  and  engineers  with  whom  he  works. 

However,  he  must  understand  that  the  safety  professional,  as  an  expert  in 
accident  prevention,  is  held  to  a higher  standard  of  care  than  those  who 
are  not.  He  must  be  flexible  at  times  in  the  method  of  achieving  safety, 
but  he  must  also  know  where  to  draw  the  line  and  refuse  to  compromise. 

VI.  CONCLUSION. 

A.  Management  commitment,  safety  involvement,  and  local  interface  have 
served  to  provide  the  safety  program  for  chemical  demil  projects  with  the 
control  and  direction  necessary  to  achieve  our  goals  without  harm  to 
personnel  or  the  environment.  To  accomplish  this,  the  Safety  Manager  must 
be  privy  to  all  matters  and  must  have  direct  access  to  the  boss  for  a 
decision  in  the  event  he  is  unable  to  coordinate  the  necessary  action.  He 
must  not  put  undue  reliance  on  written  standards  and  he  must  be  flexible  in 
his  approach. 

B.  Safety  is  not  a one-man  show.  Safety  cannot  be  allowed  to  stagnate. 
Everyone  must  be  involved  and  we  must  be  alert  to  change  and  be  ready  to  give 
thoughtful  consideration  to 'innovation.  Safety  is  a choice  and  not  an 
accident;  that  choice  can  be  influenced  by  the  role  of  the  Safety  Manager. 
Safety  is  a profession  where  the  success  is  measured  by  counting  the 
failures.  The  OPMCDIR,  local  installations,  major  and  subordinate  commands, 
and  the  Department  of  Defense,  in  cooperation,  have  been  successful  and  have 
measured  up  to  the  job  of  lethal  chemical  demilitarization — while  establishing 
an  admirable  safety  record. 
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I.  INTRODUCTION 


This  project  was  directed  toward  evaluating  the  options  for 
drying  "A"  Composition  products  at  Holston  AAP,  Kingsport,  Tennessee. 
The  products  of  interest  are  A-3,  A-4,  A-5  and  A-7  explosives.  Current 
drying  methods  used  for  Compositions  A-3,  A-4  and  A-5  are  not  adequate 
for  incorporation  into  continuous  production  lines.  A faster  and 
more  efficient  method  of  drying  these  compositions  is  required.  The 
current  A-7  production  process  incorporates  three  Wolverine  Jetzohe 
dryers  to  reduce  the  water  content  of  the  A-7  from  approximately 
eight  percent  to  two  percent.  Three  dryers  are  used  in  series  to 
effect  the  drying.  These  dryers  have  problems  in  controlling  the 
start-up  and  steady  state  phases  of  production  and  in  the  tendency 
to  generate  relatively  high  levels  of  dust. 

The  primary  objective  of  this  program  was  to  review  drying 
alternatives  and  select  the  "best"  dryer  for  each  product-given  no 
present  investment  and  state-of-the-art  drying  capability.  The 
second  objective  was  to  select  the  optimum  dryer  based  on  development 
to  improve  the  current  state-of-the-art.  A third  objective, 
developed  during  the  course  of  the  program,  was  to  select  the  best 
alternative  for  line  1;  the  A-7  line  in  which  the  Wolverine  dryers 
are  installed.  The  primary  and  secondary  objectives  were  met. 

There  were  insufficient  data  or  funds  to  fully  explore  the  background 
needed  to  provide  a valid  basis  for  selecting  the  best  option  for 
the  third  objective. 

Three  fundamental  problems  were  encountered  during  this  project 
which  must  be  discussed  briefly  to  put  the  proper  prospective  on  the 
analysis.  The  first  problem  relates  to  the  state-of-the-art  of  dryers. 
Text  books  on  drying  processes  are  generally  vague  on  the  relationship 
between  the  material,  the  initial  moisture,  the  particular  method  of 
drying  and  the  drying  duration.  This  is  primarily  due  to  the  lack 
of  predictability  of  the  drying  process.  Even  such  a simple  problem 
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as  predicting  the  time  to  evaporate  water  from  a pan  placed  somewhere 
in  a room  is  beyond  the  theoretical  capability  of  drying  technology. 

It  is  apparent,  then,  that  the  prediction  of  the  drying  capability 
is  an  empirical  process  whereby  some  experimentation  is  required 
before  drying  rates  can  be  indicated. 

The  second  problem  relates  to  the  difficulty  in  accurately 
predicting  dryer  costs.  Part  of  the  problem  relates  to  the  variability 
of  manufacturers  in  their  cost  structure,  part  relates  to  the  lack 
of  publication  of  general  cost  trends  of  dryers  and  part  relates 
to  the  vagueness  of  drying  capability  which  reflects  itself  in  the 
cost  vagueness. 

The  third  problem  is  the  general  lack  of  interest  of  dryer 
manufacturers.  The  market  is  small,  the  production  run  is  short, 
the  problem  is  difficult  and  there  is  a reluctance  to  "get  involved 
with  the  government  red  tape."  These  problems,  then,  limit  the 
depth  of  the  engineering  analysis  that  is  fruitful  and  the  rigor 
of  the  conclusions  which  can  be  drawn  - but  not  necessarily  the 
validity  of  the  conclusions.  The  analysis  that  is  presented  in  this 
report  is  not  a strict  cost/effectiveness  study  of  dryer  options. 

It  is,  however,  an  engineering  assessment  of  eight  dryer  options 
based  on  function,  safety  and  cost. 
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II.  DISCUSSION 


Eight  dryer  types  were  evaluated  in  terms  of  their  functional 
characteristics,  their  tendency  to  produce  hazards,  and  their  costs. 

An  overall  assessment  was  then  made.  There  are  many  dryer  types 

that  could  have  been  postulated  as  having  a potential  value  for 

drying  explosives.  However,  only  those  dryer  types  that  have  previously 

been  used  for  products  that  tend  to  produce  dust  (not  necessarily 

the  explosives)  were  considered  because  they  provide  a general 

basis  of  having  the  drying  potential  with  a demonstrated  level  of 

safety.  The  eight  dryer  types  considered  are: 

• Tray  Dryer.  The  material  is  placed  on  a tray(s)  and 
dried  by  conduction  and  convection. 

• Drum  Dryer.  The  material  is  placed  on  the  outside  of  a 
heated  drum. 

• Rotary  Dryer.  Similar  in  principle  to  the  common  clothes 
dryer. 

• Fluidised  Bed  Dryer.  A stream  of  air  is  directed  on  or 
through  the  material. 

• Pneumatic  Dryer.  The  airstream  drys  and  transports 
the  material. 

• Spray  Eryer.  Material  is  sprayed  from  a nozzle  into 
an  airstream. 

• Vacuum  Dryer.  A tray  dryer  in  which  a partial  pressure 
is  drawn  to  facilitate  drying. 

• Microwave  Dryer.  A high  frequency  voltage  heats  the 
water  molecules. 

The  eight  dryer  types  were  evaluated  in  terms  of  eight  functional 
characteristics:  control  sensitivity,  off-spec  product  sensitivity, 
state-of-the-art  required,  maintenance  level  expected,  product  drying 
compatability,  duat  potential,  development  risk  and  suitability 
potential. 

Since  the  analysis  of  a drying  process  is  still  largely  an 
empirical  procedure  and  since  specific  dryer  characteristics  are  not 
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available,  a subjective  evaluation  was  made.  This  was  accomplished 
by  a comparative  analysis  using  the  fluidized  bed  as  a baseline. 

In  such  an  analysis  each  characteristic,  which  can  be  weighted,  is 
assigned  a value  of  5 for  the  baseline  dryer.  All  other  dryers 
are  then  evaluated  as  being  better  or  worse  than  the, baseline  dryer 
for  each  characteristic.  The  better  dryers  are  assigned  values 
between  5 and  10  and  the  worse  dryers  are  assigned  values  between 
5 and  1.  The  overall  assessment  is  then  made  by  adding  the  points 
for  each  dryer  for  a total  score.  The  dryers  are  then  ranked  based 
on  their  score.  No  attempt  was  made  to  put  a weighting  factor  on 
each  dryer  characteristic.  Such  factors  are  normally  established 
by  management  or  by  the  process  engineer. 

On  a Functional  Basis  the  Dryers  are  Ranked  as  Follows: 

• Vacuum  Dryer  ranks  number  one  primarily  because  it  has 
the  least  control  sensitivity,  appears  to  be  compatible 
with  all  of  the  A-X  products  and  should  be  suitable  now 
for  pilot  model  evaluation.  The  primary  drawback  is 
that  it  is  a batch  dryer. 

• Microwave  Dryer  is  ranked  second  because  it  should  provide 
low  control  sensitivity  and  the  best  potential  for  drying 
A-3  explosive.  Unfortunately  little  is  known  about  its 
adaptability  to  drying  explosives.  Pilot  model  testing 

is  not  recommended  because  such  testing  may  be  premature, 
but  development  type  testing  is  certainly  in  order. 

• Tray  Dryer  is  ranked  third.  It  is  expected  that  the  tray 
dryer  can  dry  all  of  the  explosive  products  except  A-3. 
That  product  may  also  be  dried  but  there  exists  some  doubt 
that  it  can  be  dried  effectively  in  a reasonable  number 

of  passes. 

• Rotary  Dryer  is  ranked  fourth  because  it  has  less  control 
sensitivity  than  the  fluidized  bed  dryer  but  more  than 
the  tray  dryer.  The  rotary  dryer  will  probably  experience 
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difficulty  drying  the  A-3  product  but  it  should  be  capable 
of  drying  the  other  products. 

• Fluidized  Bed  Dryer  is  ranked  fifth  because  it  is  control 
sensitive  and  has  limited  capability  in  drying  the  A-3 
explosive. 

• Drum.  Pneumatic  and  Spray  Dryers  are  ranked  sixth,  seventh 
and  eighth  respectively  but  they  do  not  appear  to  be 
particularly  applicable  to  the  A-X  products. 


A failure  modes  and  effects  analysis  (FMEA)  was  conducted 
on  each  of  the  eight  dryer  types.  In  order  to  facilitate  this  analysis, 
a work/breakdown  structure  was  generated  in  a generic  form  and  for 
each  dryer  type.  Figure  1 shows  the  general  dryer  work/breakdown 
structure.  It  consists  of  four  primary  elements:  (1)  Into 
Dryer  Transport  System,  which  moves  the  product  into  the  dryer; 

(2)  Dryer,  which  drys  the  product;  (3)  Exhaust  system,  which  collects 
and  removes  the  dust  generated  by  drying;  and  (4)  Out  of  Dryer 
Transport  System,  which  moves  the  product  from  the  dryer  to  the 
next  step  in  che  process. 

Of  primary  concern  to  this  program  is  work /breakdown  structure 
(WBS)  element  2,  The  Dryer.  That  element,  then,  has  been  expanded 
in  Figure  1 to  eleven  sub-elements  which  make  up  the  major  subsystems 
of  a dryer.  Not  all  dryers  have  all  of  the  subsystems.  The  subsystems 
are  then  peculiarized  to  each  dryer  type  and  the  FMEA  is  conducted. 
Hazard  categories  are  estimated  and  placed  according  to  the  categories 
defined  in  MIL-STD-882,  dated  15  July  1969,  whereby: 

• Category  I-Negligible. . . .will  not  result  in  personnel 
injury  or  system  damage. 

• Category  II-Marginal. . . .can  be  counteracted  or  controlled 
without  injury  to  personnel  or  major  system  damage. 

• Category  Ill-Critical. .. .will  cause  personnel  injury  or 
major  system  damage,  or  will  require  immediate  corrective 
action  for  personnel  or  system  survival. 

• Category  IV-Catastrophic. . . .will  cause  death  or  severe 
injury  to  personnel,  or  system  loss. 
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FIGURE  I.  GENERAL  DRYER  WORKBREAKDOWN  STRUCTURE 


In  addition,  the  probability  of  occurrence  for  each  hazard  has  been 
estimated  in  gross  terms.  Three  probability  levels  have  been  assigned: 
low,  moderate  and  high.  If  gross  numerical  values  ranging  from  1 
to  4 for  the  hazard  categories  and  from  1 to  3 for  the  probabilities 
are  assigned,  gross  estimates  of  risk  can  be  made.  For  instance, 
a Category  I combined  with  a low  probability  would  have  a risk  level 
of  1 (1  x 1) , whereas  a Category  IV  hazard  combined  with  a high  probability 
would  be  assigned  a risk  level  of  12  (4  x 2). 

Table  1 is  a compilation  of  the  risk  levels  for  each  dryer 
type  and  major  subsystem.  On  an  overall  basis,  the  following  are 
noted: 

• None  of  the  dryer  types  offer  a really  safe  option. 

Perhaps  this  could  have  been  expected. 

• Vacuum  and  microwave  dryers  appear  to  be  somewhat  less 
hazardous  than  the  other  dryers,  although  it  is  difficult 
to  reconcile  the  use  of  strong  electrical  energy  in  close 
proximity  to  an  explosive  (microwave  dryer). 

• If  the  overall  risk  (E)  is  divided  by  the  number  of  major 
subassemblies,  the  average  risk  per  subassembly  (Z)  is 
estimated.  It  is  seen  that  Z is  almost  uniform  across 
the  dryer  types. 

In  terms  of  each  major  subassembly  the  following  are  noted: 

• Mechanical  System.  In  general  the  mechanical  system  is 
not  a prime  risk  source.  The  drum  and  rotary  dryers, 
however,  do  indicate  a risk  sensitivity  in  this  system. 

The  drum  dryer  is  sensitive  because  the  drum  temperature 
must  be  high  to  effect  drying  over  a short  residence  time. 

If  the  drum  should  stop,  the  hazard  is  present.  A 
rotary  dryer  has  about  six  mechanic. 1 subsystems  that 
contribute  to  the  risk  level.  As  with  reliability 

and  maintainability,  there  is  a payoff  for  simple  systems. 

) 
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TABLE  1.  RISK  LEVEL  DISTRIBUTION 


N.  Dryer 

^\Type 

Major 

Subsystem  n. 

Tray 

Dryer 

Drum 

Dryer 

Rotary 

Dryer 

Fluidized 
Bed  Dryer 

Pneumatic 

Dryer 

Spray 

Dryer 

Electrical  System 

23 

24 

22 

23 

23 

Mechanical  System 

7 

15 

11 

1 

6 

Hydraulic  System 

0 

0 

0 

0 

0 

i 

0 

Pneumatic  System 

0 

0 

0 

21 

21 

21 

Fire  Protection 

33 

33 

33 

33 

33 

33 

System 

Dryer  Body 

10 

3 

11 

9 

9 

9 

Sou  rc  e- 1 o-Med i um 

Heat  Exchanger 

16 

18 

18 

18 

18 

18 

Medium  to  Material 
Heat  Exchanger 

16 

17 

17 

0 

0 

0 

Through  Dryer 

Transport  System 

13 

0 

0 

12 

0 

0 

Controls 

29 

25 

25 

26 

25 

25 

Interlocks 

12 

12 

12 

12 

12 

12 

l 

159 

147 

149 

155 

141 

147 

1 

18 

18 

19 

17 

20 

| 

18 

39 
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• Hydraulic  System.  The  only  dryer  with  a hydraulic  system 
is  the  microwave  dryer  which  requires  that  the  power  supply 
be  cooled.  A need  for  an  interlock  between  the  hydraulic 
system  and  the  primary  dryer  power  is  indicated. 

• Pneumatic  System.  The  fluidized  bed,  pneumatic  and  spray 
dryers  use  pneumatic  systems.  The  risk  levels  of  these 
systems  are  high  primarily  because  of  their  inherent 
tendency  to  produce  dust.  If  the  probability  of  providing 
an  effective  control  for  dust  explosion  potential  were 
factored  into  the  risk  assessment,  these  three  dryer 
types  (as  well  as  the  rotary  dryer)  would  have  a signi- 
ficantly increased  risk  level. 

• Dryer  Body.  The  primary  factor  in  the  dryer  body  is  to 
provide  blow-out  capability  to  prevent  the  amplification 
of  an  explosion.  The  drum  dryer  has  a clear  advantage 
in  this  regard,  since  the  explosive  is  located  on  the 
outside  of  the  drum. 

• Through  Dryer  Transport  System.  This  system  is  a factor 
if  a conveyor  is  used  to  transport  the  product  through 
the  dryer. 

• Medium-to-Material  Heat  Exchanger.  This  subsystem  represents 
a significant  contribution  to  the  overall  risk  (about  10%). 
The  primary  areas  of  concern  are  the  ability  to  produce  a 
uniform  heat  distribution  over  the  product  and  the  conse- 
quences of  failing  to  transfer  the  correct  level. 

• Electrical  System.  The  electrical  system  controls  and 
distributes  the  electrical  energy  in  the  dryer.  For 
thermo-mechanical  dryers,  this  system  consists  of  motors, 
fans,  bonding,  grounding,  wiring,  switches,  and  fuses. 

As  with  any  electrical  system  in  close  proximity  to  explo- 
sives, the  dryer  electrical  system  is  a major  source  of 
potential  hazard.  Category  IV  type  hazards  can  be  obtained 
from  bonding,  grounding,  and  switch  failures. 


) 
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Fire  Protection  System.  The  fire  protection  system  is 
not  in  the  functional  flow  of  the  dryer  system  and  therefore 
does  not  cause  a hazardous  event.  It  is  an  essential 
subsystem,  however,  in  that  it  can  contain  or  mitigate 
the  effect  of  a fire.  This  brief  study  indicated  that 
each  of  the  elements  of  the  fire  detection  system  is 
critical,  i.e.,  failure  of  one  element  could  negate  the 
effectiveness  of  the  system.  The  detectors  have  the 
highest  probability  or  failure  since  their  primary  failure 
mode  is  failure  to  detect  because  of  dust  obscuration 
of  the  sensor. 

Source- to-Medium  Heat  Exchanger.  This  subsystem  converts 
steam  heat  from  the  primary  source  to  hot  air,  which  is 
circulated  through  the  dryer.  Under  normal  operations, 
the  intake  air  flow  damper  is  a possible  source  of  a 
problem.  If  the  damper  fails  to  close,  the  air  could  be 
overdriven,  resulting  in  a dusty  product  which,  in  turn, 
could  contribute  to  a hazardous  event.  Incorporation  of 
a damper  designed  to  be  normally  closed  would  mitigate  this 
problem. 

Controls.  Controls  govern  the  process  flow  and  monitor 
particular  process  parameters.  Typically  controls  include: 
source-to-medium  heat  exchanger  supply  air  controller; 
steam  control  valves;  dry  and  wet  bulb  temperature  sensors; 
intake  air  damper;  manifold  damper;  intake  air  temperature 
limit  switch;  exhaust  air  damper;  no  air  flow  sensor; 
and  intake  air  pressure  sensor.  Failure  of  controls  can 
lead  to  an  over-heated  producted  or  to  the  generation  of 
excessive  dust. 

Interlocks.  Interlocks  are  structured  to  prevent  a failure 
from  cascading  into  a hazardous  event,  or  to  stop  the 
flow  of  material  into  a failure  in  which  a fire  or  an 
explosion  has  occurred.  Generally  both  material  flow  and 
energy  must  be  shut  down.  Since  failure  of  an  interlock 


could  lead  to  a catastrophic  situation,  some  redundancy 
of  interlocks  is  desirable. 

Typical  hazards  associated  with  each  dryer  type  include: 


Tray  Dryer 

The  tray  dryer  has  several  areas  which  must  be  successfully 
treated  if  a safe  system  is  to  be  effected.  This  dryer  type,  as 
well  as  most  other  dryers,  is  susceptible  to  dust  generation  and 
distribution.  Some  dust  can  be  expected  to  be  generated  as  the  product 
is  cascaded  from  tray  to  tray.  This  dust  can  settle  into  the  turbo 
fan  cavity,  into  the  drive  and  out  of  the  dryer  if  seals  are  not 
properly  designed,  installed,  and  maintained.  Since  several  of 
the  seals  will  need  to  be  of  the  dynamic  type,  frequent  inspection 
will  be  required  to  assure  proper  function.  Uniformity  of  air 
distribution  is  also  critical  to  minimum  dust  production.  Mechanical 
system  failures  should  be  controllable  to  prevent  hazardous  events. 
Blowout  proof  panels  will  be  needed  to  mitigate  the  pressure  buildup 
if  an  explosion  occurs.  Based  on  the  analysis  conducted,  a safe 
tray  dryer  for  the  A-X  products  is  within  the  state-of-the-art. 


Drum  Dryer 

The  drum  dryer  is  not  considered  to  be  an  inherently  safe 
dryer  for  explosives  because  the  drum  temperature  must  be  high  to 
effect  the  proper  level  of  drying  within  the  relatively  short  resi- 
dence time.  Any  failure  that  stops  the  drum  has  the  potential  of 
initiating  a fire,  and  any  failure  of  the  high  temperature  control 
system  could  result  in  a fire  or  explosion.  -Proper  controls  and 
interlocks  should  be  able  to  prevent  a runaway  temperature.  How- 
ever, the  drum  drive  failure  consequence  remains  as  an  inherent 
problem  that  would  require  a demonstrated  solution  before  the  drum 
dryer  could  be  found  to  be  acceptable. 


Rotary  Dryer 


The  rotary  dryer  has  two  inherent  problem  areas:  product 


buildup  on  the  flights  and  the  generation  of  dust.  Product  buildup 
can  be  minimized  by  the  use  of  low  airflow  through  the  dryer.  Since 
the  dust  potential  for  the  rotary  dryer  is  the  primary  effect  which 
leads  to  a hazardous  event,  dust  control  meet  be  demonstrated  to 
assure  a safe  dryer. 

Fluidized  Bed  Dryer 

Fluidized  bed  dryers  are  made  with  several  types  of  through 
dryer  transport  systems.  This  analysis  considered  only  the  shaker 
conveyor.  The  primary  hazard  of  a fluidized  bed  dryer  relates  to  the 
dust.  Pneumatic  system  balance  is  essential  to  minimize  dust.  This 
balance,  in  turn,  requires  state-of-the-art  design  practices  to  be 
incorporated  into  the  intake  manifold,  baffles,  nozzles,  and  exhaust 
plenum.  Available  data  do  not  indicate  that  sufficient  consideration 
was  given  to  these  areas  to  show  that  the  fluidired  bed  dryer  will  be 
safe. 


Pneumatic  Dryers 

The  pneumatic  dryei  has  a relatively  low  total  risk  level 
because  it  is  simple  and  has  few  mechanical  and  electrical  parts. 
However,  it  is  not  an  inherently  safe  dryer.  Indeed,  Palmer1  recommends 
that  pneumatic  dryers  be  isolated  from  work  areas.  Enough  controls 
and  interlocks  can  be  incorporated  into  the  design  to  make  the  dryer 
safe  from  mechanical  and  electrical  system  failures.  The  state-of- 
the-ar*-  is  considered  to  be  insufficient  to  provide  the  requisite 
safety  for  the  pneumatic  system. 

Spray  Dryers 

The  spray  dryer  has  the  pneumatic  system  hazards  of  a pneumatic 
dryer  plus  the  problems  associated  with  the  spray  mechanism.  The 
nozzles,  which  tend  to  clog  frequently,  do  not  present  a major  hazard, 
although  a blocked  line  filled  with  explosive  must  be  treated  with 

'k.  N.  Palmer,  Dust  Explosions  and  Fires,  Chapman  and  Hall,  Ltd., 

London,  England,  1973. 


respect.  Spray  dryers  also  have  a tendency  for  the  product  to  collect 
on  the  walls  of  the  dryer.  Frequent  cleaning  is  necessary  to  prevent 
the  accumulation  from  becoming  a hazard.  Given  the  particle  range 
for  the  A-X  products,  the  pneumatic  system  state-of-the-art  of 
the  spray  dryer  is  not  considered  to  be  sufficient  to  offer  a safe 
drying  option. 

Vacuum  Dryer 

The  vacuum  dryer  has  perhaps  the  most  benign  environment  for 
the  drying  of  explosives.  Batch  constraints  require  that  the  explosive 
be  hand  placed  into  and  out  of  the  dryer,  thereby  easing  the  hazards 
associated  with  two  adjacent  systems.  The  temperature  can  be  set 
at  a relatively  low  level  since  a partial  pressure  is  inherent  in 
the  drying  process  and  the  air  flow  is  so  low  that  there  should  be 
little  dust.  The  primary  area  of  concern  is  the  vacuum  valve  which 
could  pinch  particles  of  explosives  drawn  into  the  exhaust  system. 

The  vacuum  dryer  is  clearly  the  safest  dryer  type,  and  its  design 
is  well  within  the  state-of-the-art. 

Microwave  Dryer 

There  are  two  generic  problem  areas  for  the  microwave  dryer, 
the  electrical  system  and  the  mechanical  system.  The  primary  problem 
in  the  mechanical  system  is  the  consequence  of  a jammed  conveyor. 

In  such  an  instance,  the  explosive  could  overheat  unless  an  interlock 
is  provided  to  shut  off  the  power.  In  the  electrical  system  the 
primary  source  of  trouble  would  be  a failure  of  the  line  voltage 
regulator.  In  some  regulators,  failure  permits  the  passage  of  high 
voltage  which,  in  turn,  could  result  in  an  overheated  product.  A 
fail-safe  regulator  would  be  needed.  All  of  the  remaining  electronic 
subsystems  appear  to  have  a fail-safe  mode — either  reducing  the  voltage 
amplitude  or  the  frequency  at  failure.  A hydraulic  system  is  needed 
to  cool  the  power  supply,  and  failure  of  the  system  requires  an 
interlock  with  the  electrical  power  for  effective  limitation  of  the 
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hazard.  There  is  no  question  as  to  the  state-of-the-art  of  the 
desgin  of  a microwave  dryer.  There  is  some  question  as  to  whether 
the  hazards  postulated  are  indeed  the  hazards  or  if  additional  hazards 
are  to  be  found.  Since  the  microwave  dryer  has  not  been  evaluated 
experimentally  for  explosive  products,  it  must  be  assessed  as  a risk 
until  a proper  evaluation  has  been  conducted. 

The  hazards  assessments  ranking  based  on  the  scores  from 
Table  1 is  given  in  Table  2. 


TABLE  2.  DRYER  RANK  BASED  ON  HAZARDS  ASSESSMENT 


Gross  Rank 
1 
2 

3 

4 

5 

6 

7 

8 


Dryer  Type 
Vacuum  Dryer 
Microwave  Dryer 
Pneumatic  Dryer 
Drum  Dryer 
Spray  Dryer 
Rotary  Dryer 
Fluidized  Bed  Dryer 
Tray  Dryer 


No  accurate  basis  for  a general  cost  assessment  of  dryer  types 
was  found.  A search  of  The  Open  Literature  Data  Files  of  Engineering 
Index  and  Che>  ical  Abstracts  indicated  that  there  were  no  dryer  cost 
assessment  articles  in  either  data  base.  Some  information  (about 
15  years  old)  was  uncovered,  indicating  that  costs  can  be  estimated 
on  a Log  Linear  Basis  of  one  dryer  parameter  - usually  surface  area. 
Those  trends  were  compiled  and  used  to  a limited  extent.  Two  cost 
data  points  were  available  on  microwave  dryers.  These  data  were 
used  to  estimate  cost  trends  for  those  particular  dryer  types.  Cost 
trends  for  the  remaining  dryer  types  were  estimated  by  using  those 
trend  equations  that  appeared  to  best  fit  the  dryers. 
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Table  3 summarizes  the  cost  by  dryer  type.  The  data  are 
presented  in  terms  of  increasing  cost  which  provides  a cost  rank 
to  the  dryer.  It  is  always  tempting  to  explain  a trend  after  it 
has  been  shown,  however,  no  consistent  trend  is  indicated.  The 
high  airflow  dryers,  by  virtue  of  their  relative  simplicity  and  small 
size  are  the  least  cost  options.  This  is  as  expected.  The  trend 
of  trading  air  flow  for  surface  area  (size)  would  be  expected  to 
continue  so  that  the  expected  cost  rank  would  be:  1)  pneumatic 
dryer,  2)  fluidized  bed  dryer,  3)  spray  dryer,  4)  rotary  dryer, 

5)  tray  dryer,  6)  vacuum  dryer  and  7)  drum  dryer.  The  first  three 
dryers  are  in  the  expected  order.  The  drum  dryer  is  somewhat  less 
expensive  than  expected  and  the  rotary  dryer  is  somewhat  more  expen- 
sive. The  vacuum  and  tray  dryers  appear  to  be  within  10%  of  a 
common  cost  which  would  be  expected.  The  microwave  dryer  has  historically 
been  an  expensive  dryer  option  and  appears  as  such  in  this  assessment. 


Gross 

Rank 


..  .3LE  3.  DRYER  COSTS 
Gross 
Cost 

Thousands  of  Dollars 


Dryer 


1 

300 

Pneumatic  Dryer 

2 

325 

Fluidized  Bed  Dryer 

3 

750 

Spray  Dryer 

4 

825 

Vacuum  Dryer 

5 

900 

Drum  Dryer 

6 

900 

Tray  Dryer 

7 

1,200 

Rotary  Dryer 

3 

3,500 

Microwave  Dryer 

The  eight  dryer  type  options  must  be  assessed  on  some  basis. 

If  each  operatiom.l  characteristic  of  each  dryer  type  could  be  quanti- 
fied, the  dryer  options  could  be  assessed  on  a cost/effectiveness 
basis.  Clearly  such  an  assessment  is  not  possible  because  the  data 
are  limited.  The  method  used,  then,  makes  an  initial  assumption 
that  dryer  capabilities  are  distributed  according  to  their  rank. 
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Since  the  dryers  were  assessed  in  three  categories  (function,  hazard 
and  cost)  the  combined  ranking  is  possible  based  on  the  summation 
of  the  rank  points.  Successive  filters  were  then  added  in  each  of 
the  categories  to  eliminate  the  undesirable  candidates.  Finally, 
the  remaining  options  were  graded  in  terms  of  assets  and  liabilities. 

Table  4 represents  the  rank  summary  of  the  dryer  option  based 
on  their  rank  in  each  of  the  categories.  Except  for  the  vacuum  dryer, 
which  has  a clear  rank  advantage,  the  dryers  follow  a relatively 
smooth  trend  in  terms  of  rank  po'nts. 

Some  of  the  dryer  types  were  eliminated  based  on  undesirable 
characteristics.  The  pneumatic  and  spray  dryers  are  eliminated 
because  they  are  very  control  sensitive  and  as  such  they  have  a 
high  development  risk.  Drum  uryeis  were  also  eliminated  from  a 
functional  viewpoint  because  it  is  doubtful  that  they  can  be  made  to 
work  without  an  increase  in  the  initial  moisture  level.  Such  an 
increase  would  be  counterproductive.  Microwave  dryers  were 
eliminated  based  on  their  high  initial  cost.  Four  dryer  types, 
then,  remained  as  candidates. 

Table  5 is  a compilation  of  the  assets  and  liabilities  of 
the  four  candidate  dryer  types.  Based  on  this  assessment,  the 
vacuum  and  tray  dryers  were  recommended.  The  fluidized  bed  dryer 
has  an  advantage  in  cost  and  in  low  residence  volume  of  explosive, 
however,  it  has  an  inherent  control  problem  which  requires  extensive 
rework  before  a functional  dryer  can  be  made  to  work.  On  these 
bases  the  fluidized  bed  dryer  is  not  recommended.  The  rotary  dryer 
is  also  not  recommended  because  it  has  no  inherent  advantage  over 
any  of  the  remaining  dryer  options. 

The  vacuum  and  tray  dryers  were  recommended  as  candidate  dryers. 
The  final  selection  must  be  made  on  the  basis  of  verification  of  drying 
ability  by  pilot  models,  explosive  residence  volume,  and  final  cost 
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TABLE  4.  RANK  SUMMARY  WITHOUT  FILTER 


Gross 

Gross 

Gross 

Gross 

Dryer 

Overall 

Functional 

Hazards 

Cost 

Rank 

Type 

Rank 

Rank 

Rank 

Rank 

Points 

Vacuum  Dryer 

1 

1 

1 

4 

r 

.0 

Pneumatic  Dryer 

2 

7 

3 

1 

11 

Microwave  Dryer 

3 

2 

2 

8 

12 

Fluidized  Bed  Dryer 

4 

5 

7 

2 

14 

Drum  Dryer 

5 

6 

4 

5 

15 

Spray  Dryer 

6 

8 

5 

3 

16 

Tray  Dryer 

7 

3 

8 

6 

17 

Rotary  Dryer 

8 

4 

6 

7 

17 

pryer  Type 


Vacuum  Dryer 


Fluidized  Bed 
Dryer 


Tray  Dryer 


Rotary  Dryer 


TABLE  5.  ASSETS  AND  LIABILITIES 


Assets 

Liabilities 

"Best  Dryer  for 

• Batch  Dryer 

A-3" 

• High  Cost 

Safest  Dryer 

• High  Residence 

Low  Development 

Volume  of 

Risk 

Explosive 

Simple  Dryer 

Good  Control 

Sensitivity 

Lowest  Cost 

• Poor  Control 

Dryer 

Sensitivity 

Low  Residence 

• Won’t  Dry  A-3 

Volume  of  Explosive 

• Tends  to  Produce 

Dust 

• High  Development 

Risk 

2nd  Best  Dryer 

• High  Cost 

for  A-3 

• High  Residence 

Good  Control 

Volume  of 

Sensitivity 

Explosive 

Low  Development 

Risk 

Low  Residence 

• High  Cost 

Volume  of 

• Poor  Control 

Explosive 

Sensitivity 

Recommended  ? 


constraints.  The  vacuum  dryer  appears  to  have  the  highest  probability 
of  drying  the  A-3  product.  The  batch  characteristics  may  make  the 
vacuum  dryer  unattractive  although  it  should  be  possible  to  incorporate 
some  semi-continuous  ability  into  a vacuum  dryer  design. 


III.  CONCLUSIONS 


I 

a 


) 


The  following  conclusions  are  drawn: 

1)  There  exists  a very  limited  ability  to  predict  accurately  the 
dryer  performance  or  the  cost  without  some  experimentation. 

2)  Dryer  manufacturers,  as  a group,  have  little  incentive  to 
develop  dryers  capable  of  drying  explosives. 

3)  High  air  flow  dryers  tend  to  cause  control  problems  for  the 
A-X  products  unless  the  air  flow  within  the  dryer  is  uniformly 
distributed  and  controlled. 

4)  The  "best"  drying  mechanism  appears  to  be  the  microwave  dryer 
since  its  energy  is  directly  coupled  to  the  water.  This 
dryer  type  is  not  recommended  on  a near  term  basis,  however, 
because  it  has  a high  cost  and  needs  a detailed  assessment. 

5)  The  "best"  near  term  dryer  is  a vacuum  dryer.  It  should 
provide  the  requisite  capability  if  the  in-process  storage 
is  not  excessive  for  the  particular  line. 


) 


6)  The  "next  best"  near  term  dryer  is  the  tray  dryer 
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PLANT  EQUIPMENT  PACKAGE  LINES 
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ALONG  WITH  THESE  QUANTITATIVE  GOALS,  WE  SPECIFY  DETAILED 
TATISTICAL  REQUIREMENTS  THE  CONTRACTOR  MUST  COMPLY  WITH 
,S  AN  INTEGRAL  PART  OF  THE  HAZARD  ANALYSES. 
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EXAMPLE  OF  FORMAT  TO  REPORT 
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EXAK.LE  OF  DATA  ITEMS  REQUIRED  BY  SYSTEM  SAFETY  PROGRAM 
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EXAMPLE  OF  MILESTONE 
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REMOTE-CONTROLLED  NITRATOR  FACILITY 
WITH  MULTI-PRODUCT  CAPABILITY 

by 

M.  C.  Hudson,  P.  R.  Mosher,  and  W.  A.  Carr 
Naval  Ordnance  Station,  Indian  Head,  Maryland 


INTRODUCTION 

A continuous,  automatic,  remote-controlled  nitration  plant  has  been  built 
at  the  Naval  Ordnance  Station,  Indian  Head,  Maryland.  The  nitration  plant 
is  capable  of  producing  a variety  of  nitrate-esters  by  appropriate  changes 
in  process  vessels  and  controls.  The  plant  has  many  unique  features  for 
process  development  ar.d  for  safety. 

The  fundamental  design  concept  of  the  plant  was  that  it  be  a nitration 
process  development  facility  capable  of  producing  a variety  of  nitrate- 
esters  with  minimum  exposure  of  personnel  and  a high  degree  of  safety  in 
operation.  Personnel  of  the  Naval  Ordnance  Station,  Indian  Head  worked 
with  HansPeter  Moser  Processing  of  Corseaux,  Switzerland  and  defined  the 
design  criteria.  The  criteria  were: 

(1)  for  operations  with  known  processing  parameters  such  as  for  NG; 

(2)  for  new  and  unique  processing  such  as  continuous  nitration  of  MTN 
and  TEGDN ; and 

(3)  for  instrumentation  that  would  provide  safe,  remote-controlled  pro- 
cessing. The  plant  design  criteria  also  required  that  equipment  and  control 
modifications  necessary  to  change  products  be  minimized  and  made  as  nearly 
error-proof  as  possible.  These  criteria  were  quite  satisfactorily  met  in 
the  completed  facility.  It  is  the  first  plant  to  produce  MTN  and  TEGDN  by 
continuous  process.  The  plant  can  manufacture  NG  (nitroglycerin),  MTN 
(metriol  trinitrate),  PGDN  (propylene  glycol  dinitrate),  DEGDN  (diethylene 
glycol  dinitrate),  and  TEGDN  (triethylene  glycol  dinitrate).  Other  products 
possible  include  solid  nitrate  esters  such  as  PETN. 


Note: 

Design  parameters  of  this  plant  are  proprietary  to  Moser 
processing. 


Basic  criteria  for  process  vessels  were: 

- vessels  containing  hazardous  product  would  be  of  minimum  size  consis- 
tent with  reaction  retention  time  and  heat  transfer  requirements. 

- the  stirrer  must  emulsify  the  product. 

- cooling  capacity  should  be  maximum  attainable. 

- workmanship  to  be  suitable  for  NG  service. 

To  date,  equipment  for  NG,  MTN,  and  TEGDN  processing  has  been  utilized  and 
successfully  produced  products  meeting  quality  control  requirements. 

The  NG  process  is  depicted  in  Figure  1.  The  nitrator  is  common  to  all 
current  products.  It  has  slightly  larger  capacity  than  necessary  for  NG 
to  allow  nitration  of  esters  with  high  heat  of  reaction.  Its  cooling  system 
is  new.  A "hair-pin"  cooler,  with  U-shape  tubes  vertically  oriented  below 
a top  manifold  plate  was  developed.  This  improves  heat  transfer  over  that 
of  a continuous  coil  cooler  and  reduces  coolant  loop  inlet-to-outlet  temp- 
erature increase.  It  also  removes  all  welds  from  exposure  to  the  acid 
contents.  The  nitrator  also  is  jacketed  for  additional  cooling  and  for  ni- 
trating solids  which  could  "salt-out"  on  cooling  coils. 

The  NG/spent  acid  separator  is  similar  to  those  of  other  continuous  proces- 
ses. It  is  a static  separator  with  the  nitration  effluent  emulsion  enter- 
ing tangentially  to  give  a slow  stirring  action.  This  allows  product  to 
separate  and  rise  to  the  top  above  the  spent  acid  layer.  The  top  section  of 
the  separator  is  glass  as  shown  in  Figure  2.  This  allows  remote  TV  obser- 
vation of  the  separating  product.  Depth  of  the  product  layer  can  be  con- 
trolled remotely  and  or.-'e  the  float  system  is  adjusted,  control  of  product 
layer  and  overflow  is  automatic.  The  spent  acid  is  decanted  thru  a control- 
led overflow.  It  is  automatically  diluted  with  water  to  dissolve  remaining 
product  and  improve  downstream  safety.  Dilution  with  water  is  used  only  on 
spent  acid  that  is  stable  enough  to  1 _>  treated. 

The  other  vessels  in  the  NG  process  are  washers  and  separators  similar  to 
those  of  many  continuous  nitration  facilities.  The  only  unique  feature 
of  these  vessels  is  the  use  of  electronic  control  on  the  washer  stirrer 
motors  to  allow  changing  stirrer  speed.  This  change  can  be  made  remotely 
from  the  control  room.  Soda  water  and  fresh  water  can  be  remotely  added 
to  the  washers.  Th’  water  separators  have  interface  floats  so  that  product 
level  in  these  vessels  can  be  observed  by  TV.  This  arrangement  of  vessels 
is  utilized  for  most  products  with  some  changes  for  different  product 
requirements.  Principles  of  operation  are  common  and  available  in  other 
literature  hence,  will  not  be  further  discussed. 
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Process  schematic  for  TEGDN  is  shown  in  Figure  3.  Note  the  continuous 
drowner  which  is  a new  and  unique  feature.  Because  of  low  stability  of  the 
spent  acid  from  TEGDN  and  certain  other  nitrate  esters  processing,  previous 
production  has  been  by  batches  which  are  quickly  drowned  in  ice  water  to 
cool  and  separate  the  product  and  quenched  acid.  In  this  plant,  the 
nitrator  effluent,  product  and  spent  acid  emulsion,  is  not  allowed  to  sepa- 
rate in  a static  separator  but  is  continuously  drowned  by  chilled  water. 

The  continuous  drowner  is  located  in  the  nitrator  emergency  drown  tank 
which  is  filled  with  chilled  water  to  maximize  cooling  capacity.  The  con- 
tinuous drowner  stirs  and  dilutes  the  emulsion  and  allows  the  product  to 
settle  out.  The  nitrate- ester  is  then  picked  up  by  an  eductor  using 
chilled  water  as  the  motive  force  and  lifted  to  the  acidic  water  separator. 
This  separator  is  installed  on  the  panel  in  place  of  the  static  separator 
utilized  for  NG,  etc.  From  here  the  TEGDN  is  continuously  displaced  to  the 
washer  system.  The  acidic  water  overflows  from  the  continuous  drowner  to 
the  main  drowner  tank  and  is  then  educted  to  a neutralization  tank  in  the 
spent  acid  house. 

Control  of  feed  material  flow  is  essential  to  safe  continuous  nitration. 

In  this  plant,  one  motor  drives  the  mixed  acid  pump  which  then  drives  the 
polyol  nump.  Any  failure  in  this  system  results  in  stopping  the  polyol 
pump  thus  preventing  addition  of  polyol  to  the  nitrator  without  adding  acid 
which  is  a hazardous  condition.  The  pumps  are  variable  speed  thru  their 
gear  drives  and  provide  variable  feed  ratio  in  addition  to  rate.  Acid  flow 
is  checked  by  volume  in  a gauged  container.  Polyol  flow  is  checked  by 
weight  in  a scale  tank.  Polyol  lines  to  the  pump  from  the  various  supply 
tanks  comes  .thru  non- interchangeable  fittings  only  one  of  which  can  be 
"made".  A retractible  tube  with  control  interlocks  feeds  polyol  to  the  ni- 
trator. Certain  alarm  conditions  result  in  polyol  arm  retraction  from  the 
nitrator  and  interruption  of  nitration. 

The  plant  is  controlled  by  a combination  of  pneumatic  systems  with  intrinsi- 
cally safe  electronic  sensor  feedback.  The  control  console,  Figure  4,  is 
located  in  a barricaded  structure  remote  from  the  nitrator  house.  In  auto- 
matic operation,  a pneumatic  punch  card  programmer  operates  necessary  com- 
ponents in  the  plant.  This  programmer  Establishes  the  order  of  varies 
operating  events  to  put  the  plant  on-stream  and  operates  valves,  pumps, 
and  stirrer  motors  automatically  as  necessary  to  maintain  continuous  nitra- 
tion. The  shutdown/washdown  operations  are  also  programmed.  The  programmer 
will  not  advance  if  interlocked  conditions  are  not  satisfied.  Also,  the 
programmer  turns  off  or  "bridges"  some  interlocks  during  startup  when  opera- 
ting conditions  have  not  stabilized  thus  preventing  shutdown  by  automatic 
control  response  to  alarm  situations. 
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To  change  products,  sections  of  the  control  console  are  changed.  The 
electrical  and  pneumatic  connectors  are  keyed  and  non- interchangeable  so 
that  improper  plug-in  is  impossible.  These  control  changes  coordinate  with 
changes  in  process  vessels. 

The  control  console  also  has  recorders  to  document  process  parameters.  The 
data  is  used  to  optimize  production  rates,  and  investigate  equipment  modifi- 
cations. 

To  provide  for  control  system  safety  and  integrity,  there  are  over  100  in- 
trinsically safe  relays  to  transmit  signals  from  sensors  mounted  on  valves 
and  stirrer  shafts,  etc.  An  example  of  a valve  body  mounted,  two-position 
sensor  is  shown  in  Figure  5.  Also,  all  critical  product  feed,  coolant  flow, 
and  instrumentation  lines  are  traced  with  a pneumatic  system.  In  particu- 
lar, thermocouple  wells  into  the  process  vessels  are  traced.  If  any  line 
is  not  properly  connected,  the  tracer  system  cannot  be  closed  and  pneumatic 
pressure  will  not  buildup  to  deactivate  the  interlock  and  allow  the  plant 
to  begin  nitration. 

Instrumentation  for  nitrator  operation  and  safety  are: 

- bimetal  thermometer  (for  start-up  preparation) 

- pneumatic  temperature  transmitter  for  brine  control  and  safety  alarm 

- pneumatic  temperature  transmitter  for  recording  and  safety 

- electric  thermostat  for  drowning 

- stirrer  rp.n  transmitter  for  safety,  indication,  and  recording 

- Redox  meter  on  effluent  emulsion 

The  instrumentation  in  the  static  separator  are: 

- temperature  transmitters  same  as  in  the  nitrator 

- interface  controller  fox  spent  acid  overflow  and  product  layer  depth 

- automatic  skimmer  for  displacement  of  ester'  on  shutdown 

- poor  separation  transmitter 

The  continuous  drowner/separator  has  temperature  and  product  level  sensors. 
Washer  instrumentation  is  stirrer  rpm  and  temperature  sensors.  There  are 
pH  meter  to  measure  washer  effluent  and  product  conditions. 

Product  transfer  from  the  nitrator  was  orginally  by  gravity.  In  this 
system,  separated  pro<  act  was  displaced  through  a water  filled  detonation 
trap  to  a water  filled  line.  The  product,  in  the  form  of  individual  drop- 
lets, rolls  down  this  line  to  the  hold  house.  This  system  is  successfully 
utilized  in  Europe  and  worked  with  NG  in  this  plant  although  the  as-installed 
elevation,  available  between  nitrator  and  hold  house  at  Indian  Head  was 
marginal  as  far  as  providing  the  driving  force. 
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When  initial  continuous  nitrations  of  MTN  were  made,  it  was  found  that  the 
product,  which  is  considerably  more  viscous  than  NG,  would  not  flow  at  a 
satisfactory  rate.  As  time  and  need  for  product  did  not  allow  for  modify- 
ing as-installed  positions  to  provide  a greater  slope,  an  eductor  system 
was  installed  in  the  final  separator  to  transfer  product  to  hold  house. 

In  summary,  the  Naval  Ordnance  Station,  Indian  Head  has  a unique  multi- 
product nitration  facility  capable  of  producing  100  kilograms  per  hour  of 
high  quality  nitrate  esters.  By  virtue  of  modular  design  allowing  process 
vessels  to  be  relocated  and  control  systems  to  be  switched  at  connectors 
in  the  control  cabinets,  the  plant  can  be  easily  changed  from  one  product 
to  another.  This  versatility  allows  pilot  scale  study  of  nitration  para- 
meters that  would  be  important  in  designing  a large  production  plant. 
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FIGURE  4.  PUMP  PANEL 
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FIGURE  5.  CONTROL  CONSOLE 


FIGURE  6.  POSITION  SENSOR 


THE  NAVY'S  EXPLOSIVE  SAFETY  IMPROVEMENT  PROGRAM 
FOR  PIER  SIDE  MUNITIONS  OPERATIONS 

by 

J.  Petes 

Naval  Surface  Weapons  Center 

About  three  years  ago,  CNO  initiated  the  Navy  Explosives 
Safety  Improvement  Program  (NESIP) . It  wasn't  that  there  were 
a rash  of  accidents  involving  explosives  - the  Navy's  explosive 
safety  record  is  excellent.  Rather,  the  program  was  started 
in  order  to  assess  the  Navy's  compliance  with  JDESB  standards 
in  its  many  operational  environments,  and  to  improve  controls 
over  waivers  and  explosive  safety  problems  in  general.  A 
collateral  objective  is  to  develop  military  construction 
programs  to  eliminate  such  problem  areas  where  possible.  One 
major  element  in  the  NESIP  is  that  which  I will  describe,  that 
designated  Milestone  E-2  (Fig.  1) . 

This  Milestone  has  as  its  objective  the  development  of 
analyses  and  testing  programs  to  obtain  realistic  data  in  regard 
to  explosives  hazards  which  may  be  experienced  in  Navy  ship 
berthing  ports  during  the  handling  of  small  quantities  of 
ammunition  between  ships  and  shore  activities.  This  we  call 
the  Navy  "topping  off"  scenario  because  the  objective  is  to 
handle  only  enough  ammunition  to  top  off  any  minor  shortage 
in  the  ship's  magazine.  I will  discuss  the  scope  of  the  work, 
the  methods  and  approaches  used,  and  some  of  the  results  we 
have  attained. 

Blanket  application  of  the  Q-D  standards  severely  hampers 
Navy  operations  in  port.  It  is  through  waivers  that  the  Navy 
must  operate  in  many  of  these  daily,  necessary  functions  - 
and  the  elimination  of  waivers  is  a continuing  Navy  objective. 

The  Navy  believes  that  many  of  the  waivers  can  be  eliminated 
without  compromising  accepted  hazard  criteria  by  applying  DDESB 
ground  rules  to  specific  Navy  operations  or  scenarios.  The 
accepted  hazard  criteria,  Fig.  2,  in  physical  terms,  permits 
no  more  than  one  psi  of  airblast  pressure,  and  no  more  than 
one  hazardous  fragment  in  a unit  area  of  600-ft2,  where  a 
hazardous  fragment  is  defined  as  one  with  an  impact  energy 
greater  than  58-ft  lb. 

The  basic  Navy  problem  is  illustrated  in  Figure  3.  The 
Q-D  tables  call  for  a hazard  arc  of  1,250-ft  when  up  to 
30, 000- lb  of  fragmenting  munitions  are  being  handled.  Only 
operations  essential  to  the  task  are  permitted  within  this 
arc.  But  at  many  of  our  ports,  this  arc  encompasses  all 
sorts  of  normal  naval  base  activities  such  as  pursued  in 
office  buildings,  residences,  commissaries,  and  such.  At 
some  ports,  public  roads  are  within  the  arc. 
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We  would  like  to  reduce  the  arc  to  something  more  compatible 
with  the  amount  of  explosives  handled  in  topping  off  operations. 
By  direction,  the  Navy  has  limited  ammunition  handling  at  these 
ports  to  no  more  than  1,500-lb  net  explosive  weight  (NEW)  in 
any  given  operation.  Intuitively  one  would  guess  that  if  a 
1,250-ft  arc  is  appropriate  for  30,000-lb  NEW,  then  something 
less  than  1,250-ft  would  constitute  an  acceptable  hazard  arc 
when,  for  instance,  unloading  munitions  with  1,500-lb  NEW  from 
a truck  at  the  pier.  If  the  lesser  arc  could  be  realized,  a 
large  area  for  the  other  base  activities  would  be  freed  from 
restrictions.  If  the  arc  could  be  reduced  to  500-ft,  it  would 
hardly  extend  beyond  the  pier. 

But  how  much  less  than  1,250-ft  can  this  arc  be  reduced, 
if  indeed  it  can  be  reduced?  That's  our  job  in  Milestone  E-2 
(Fig.  4)  - to  determine  through  analysis  and  tests,  the  hazard 
arc  for  the  maximum  credible  explosion  during  topping  off 
operations,  and  if  practicable,  to  reduce  this  arc. 

In  the  task,  we  are  concerned  wi'th  all  the  different 
munitions  (except  nuclear)  that  the  Navy  handles  in  topping 
off  and  on-off  inspection  type  operations,  and  all  ships  and 
submarines  on  which  the  munitions  go.  We  follow  the  munitions 
from  the  time  they  arrive  at  the  pier  to  the  time  they  are 
safely  secured  in  the  ships  magazines  or  launchers.  And  we 
keep  asking  the  question:  What  if  a round  explodes  here,  what 
if  it  goes  off  there,  and  what  are  the  consequences  as  far  as 
Q-D  is  concerned?  Note,  we  don't  ask  how  an  accident  happens  - 
the  how  is  not  the  issue. 

In  most  ports,  it  is  convenient  to  consider  four  general 
scenarios  (Fig.  5).  In  the  pier  handling  situation,  we  are 
limited  to  1,500-lb  NEW.  A 1,500-lb  explosion  produces  a 
pressure  of  about  one  psi  at  500-ft;  since  this  pressure 
coincides  with  the  acceptable  blast  criterion,  our  real 
concern  is  the  fragment  hazard  generated  by  this  explosion. 

What  is  the  fragment  distribution  and  areal  density  surrounding 
the  explosion  for  any  of  the  munition  - torpedoes,  missiles, 
shells  , bombs  - and  their  transport  vehicle  that  may  be 
involved?  How  large  is  the  acceptable  fragment  arc?  We  try 
to  answer  these  questions. 

The  pier  explosion  may  have  larger  implications  that  its 
own  Q-D  arc;  it  may  set  off  munitions  in  and  on  the  ship  that 
is  being  topped.  (This  is  the  second  scenario.)  Some  of  our 
ships  are  relatively  thin  skinned  with  magazaines  extending 
out  to  the  hull  and  above  the  water  line.  Their  magazines 
may  be  vulnerable  to  the  fragments  from  the  pier  accident. 

And  the  munitions  topside  - torpedoes  and  ASROCs  - may  be 
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vulnerable  because  the  launchers  are  essentially  weather 
shields  only. 

Will  the  on-board  munition  detonate  as  a result  of  the 
pier  accident?  If  so,  10, 000- lb  and  more  NEW  may  be  involved. 

Now,  we  have  to  determine,  first,  the  mass  detonation  probabilitias 
of  the  munitions,  or  the  maximum  credible  explosion,  that  may 
occur  and,  then,  the  consequences  of  this  explosion  in  Q-D 
terms  - blast,  fragment,  and  debris  hazards  versus  distance. 

The  third  scenario  concerns  intraship  propagation  of 
explosions.  We  have  to  assess  the  probability  of  a detonation 
at  one  location  of  a ship  propagating  to  another  location.  For 
instance,  will  a torpedo  detonation  in  the  workshop  of  a submarine 
tender  (AS)  or  a destroyer  tender  (AP)  detonate  the  torpedoes 
in  the  magazine  directly  below  the  workshop?  As  in  the  pier 
to  ship  scenario,  the  maximum  credible  explosion  has  to  be 
determined  first  and  then  the  blast,  fragment,  and  debris  hazards. 

The  last  scenario  involves  ship  to  ship  propagation.  Will 
they  occur,  and  if  so,  what  are  the  consequences? 

It  would  take  forever  if  we  were  to  investigate  each  of 
the  items  in  these  scenarios  individually.  Fortunately, 
there  is  a common  thread  among  all  of  them  (Fig.  6) . The 
maximum  credible  explosion  really  is  the  Quantity  of  the  Q-D 
tables,  and  the  hazard  is  the  Distance.  The  quantity  is  a function 
of  the  sympathetic  detonation  probability  of  the  munitions  involved 
and  the  hazard  is  a function  of  the  blast  and  fragmentation. 

These  two  items  - sympathetic  detonation  and  effects,  i.  e. , 
blast  and  fragments,  - provide  the  technological  base  for 
solving  most  of  our  problems. 

We  are  looking  at  sympathetic  detonation  (Fig.  7)  for 
pairs  of  munitions  and  clustered  weapons  in  terms  of  sources 
of  initiation  such  as  blast,  single,  and  multiple  fragment 
impacts,  massive  debris  impacts,  thermal  inputs,  synergistic 
effects,  and  explosive  sensitivity  and  energy.  And  we  are 
studying  fragmentation  (Fig.  8)  characteristics  of  exploding 
munitions  and  their  surrounds  such  as  the  truck  in  which  the 
munitions  arrive  at  the  pier  and  the  ship's  structure  around 
the  explosion.  We  determine  such  things  as  the  number,  size, 
shape,  velocity,  trajectory,  areal  density,  and  impact  energy 
of  these  fragments. 

With  sympathetic  detonation  and  effects  information  in 
hand,  we  apply  them  to  the  specific  scenarios  of  concern  through 
analysis  and  tests.  And  thus,  we  can  provide  answers  in  terms 
of  distances  at  which  acceptable  hazards  are  attained. 

In  Figure  4,  I indicated  that  one  of  our  objectives  is 
to  reduce  the  distances  and  maximum  credible  explosion  if 
practicable.  The  basic  technology  is  applicable  to  designing 


means  to  do  this  (Fig.  9) . On  one  hand,  we  can  use  inhibitors 
between  rounds  to  prevent  sympathetic  detonation  and  so  reduce 
the  maximum  credible  explosion.  On  the  other  hand,  we  can  design 
shields  to  surround  an  explosion  source  so  that  fragment 
trajectories  can  be  restricted  and  thus  reduce  hazard  distances. 

The  preceding  is  in  general  and  in  brief  a description 
of  the  objectives,  scope,  and  approaches  of  the  NESIP 
Milestone  E-2  program.  Now,  even  more  briefly,  some  of  the 
results  will  be  described. 

We  have  developed  (Fig.  10)  general  analytical  means  for 
fragment  generation  and  characterization  and  for  determining 
sympathetic  detonation  probabilities.  For  cased  munitions 
and  their  close-in  surrounds,  the  fragment  characteristics  are 
summarized  in  what  we  call  FEN  charts  relating  fragment  energy  , 
number,  size,  and  distance.  We  have  these  for  specific 
weapons  such  as  torpedoes,  missiles,  and  projectiles  and  will 
prepare  them  for  other  munitions  as  we  progress  in  the  program. 
The  analytical  model  for  sympathetic  detonation  will  be  described 
in  some  detail  by  Fran  Porzel  in  a following  paper  at  this 
Seminar. 

Figure  11  shows  some  of  the  scenarios  we  have  tested  and 
analyzed  and  the  munitions  involved.  Most  of  the  work  thus 
far  has  been  with  the  pier  handling  situations.  We  have 
demonstrated  that  two  Mk  16  torpedoe  warheads  totalling 
1,500- lb  NEW  and  detonated  simultaneously  produce  an  acceptable 
blast  and  fragment  areal  density  beyond  500-ft  provided  that 
a sand  shield  or  barrier  is  used  on  the  truck  transporting 
the  torpedoes.  It  turned  out  that  the  truck  cab  was  a major 
source  of  fragments;  a 10-in  thick  sand  barrier  between  the 
warheads  and  the  cab  reduced  the  breakup  of  the  cab  to  acceptable 
limits. 

We  have  determined  that  5"/54  projectiles  loaded  with 
Explosive  D will  not  detonate  in  pallet  or  magazine  stacking 
configurations;  there  is  no  sympathetic  detonation  between 
rounds  even  when  the  rounds  are  in  contact  one  with  the  other. 
However,  5"  rounds  filled  with  Composition  A-3  explosive  will 
detonate  in  these  configurations.  But,  we  found  that  the  use 
of  3/4-in  thick  steel  plates  between  rounds  inhibits 
sympathetic  detonation.  So,  for  a pallet  load  of  48  rounds, 
each  round  containing  about  8-lb  of  explosive,  the  maximum 
credible  explosion  is  only  8-lb,  i.e.,  the  donor,  when  the 
inhibitors  are  used.  The  fragment  distribution  and  blast  from 
this  single  round  is  well  below  the  acceptable  hazard  criteria 
at  500-ft. 
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We  found  that  Composition  A-3  loaded  76mm  projectiles  in 
operational  configurations  such  as  on  pallets  on  the  pier,  and 
in  magazine  storage  in  ready  service  racks  and  on  the  gun 
loading  ring  aboard  an  FFG-7  class  ship,  are  not  prone  to 
sympathetic  detonation.  The  space  between  rounds  in  these 
configurations  is  larger  than  PD5q,  where  Pqso  is  the  distance 

between  rounds  at  which  there  is  a 50%  probability  of  detonation 
propagation  between  donar  and  acceptor.  The  76mm  round  is 
fixed  - the  projectile  is  fixed  to  the  propellant  cartridge. 
Although  the  receptor  projectile  does  not  detonate  at  operational 
spacings,  the  cartridge  case  is  penetrated  by  donor  projectile 
fragments  resulting  in  the  burning  of  some  of  the  propellant. 

This  burning  may  provide  a cookoff  environment  for  the  receptor 
projectiles;  we  are  looking  into  this. 

Tests  with  a mockup  of  the  Tomahawk  weapon  have  been 
conducted;  the  results  show  that  beyond  500- ft  the  acceptable 
hazard  criteria  have  been  met. 

Intraship  scenarios  have  been  investigated.  For  instance, 
we  determined  that  in  the  geometries  we  have  aboard  an  AD  and 
an  AS,  the  deck  plating  is  sufficient  to  prevent  detonation  of 
a receptor  torpedo  warhead  in  the  magazine  from  the  fragments 
and  blast  of  a donor  torpedo  in  the  workshop  directly  above 
the  torpedo  magazine.  Now  we  are  investigating  the  effects  of 
acceptor  torpedo  translations  one  against  the  other  and  against 
the  bulkheads  and  deck,  and  the  thermal  inputs  of  the  donor 
torpedo  in  the  confined  volume  of  the  magazine.  In  similar 
tests,  we  have  determined  that  on  an  FFG-7,  the  detonation  of 
a 76mm  projectile  in  its  magazine  will  not  detonate  a receptor 
Mk  46  torpedo  warhead  in  the  magazine  directly  below  the  76mm 
magazine.  The  warhead  burns  vigorously.  This  now  is  our 
concern:  Will  the  burning  explosive  provide  a cookoff 
environment  to  the  other  warheads  in  the  magazine?  We  are 
investigating  this. 

We  have  done  a lot  and  we  have  much  more  to  do.  Our  basic 
technology  is  fairly  well  developed  and  operable.  It  is  used 
for  analysis  and  test  guidance.  Together  - analysis  and  tests  - 
they  are  giving  the  answers  to  the  questions  asked:  What  are 
the  Q-D  values  for  specific  Navy  scenarios?  So  far  we  have 
met  the  hoped  for  500- ft  arc,  sometimes  with  the  use  of 
inhibitors  and  shields,  sometimes  without  them.  We  realize 
that  when  the  maximum  credible  explosion  yield  gets  to  be  larger 
than  1,500- lb,  we  may  not  be  able  to  attain  500-ft;  so  be  it. 
Whatever  it  turns  out  to  be,  it  will  at  least  be  real  and 
defensible,  not  just  a limitation  imposed  by  general 
regulations. 
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FIGURE  10 


S.D,=  SYMPATHETIC  DETONATION 


A MODEL  AND  METHODS  FOR  CONTROL  OF  SYMPATHETIC  DETONATION 


by 

F.  B.  PORZEL 

Naval  Surface  Weapons  Center 
White  Oak  Laboratory,  Silver  Spring,  Md 

INTRODUCTION 


This  paper  is  part  of  the  Navy  Explosive  Safety  Improvement 
Program  (NESIP)  just  described  by  Mr.  Petes  of  the  Naval  Surface 
Weapons  Center.  The  work  is  sponsored  by  OP  411  through 
NAVSEA  04H3  (Safety  Office).  To  guide  and  plan  the  tests,  and 
evaluate  the  results  we  have  developed  and  nearly  completed 
a technology  base  encompassing  safety  hazards  for  a broad 
spectrum  of  Navy  weapons.  The  NESIP  technology  base  is  largely 
based  on  the  unified  theory  of  explosions,  (UTE,  NOLTR  72-209, 
1972),  which  was  also  described  briefly  in  the  last  two  DDESE 
Safety  Symposia  (DDESB  XVI  and  XVII,  Porzel).  UTE  provides  a 
simple  comprehensive  way  to  predict  and  evaluate  the  blast 
from  virtually  any  explosion;  the  technology  base  includes 
sympathetic  detonation  determinations  and  the  prediction  of 
fragment  sizes,  distribution,  trajectories  , ' areal  density 

and  residual  energy  on  impact. 

Sympathetic  detonation  is  a key  part  and  end  product  of 
this  technology  base  for  safety  problems,  mainly  because  the 
Navy  has  no  single  conventional  weapon  which  by  itself,  if 
accidentally  detonated,  produces  a blast  or  fragment  hazard 
at  500  feet  that  exceeds  criteria  deemed  acceptable  by  the  DOD 
Explosive  Safety  Board.  Hazardous  scenarios  arise  only  from 
sympathetic  detonation  of  two  or  more  warheads.  If  sympathetic 
detonation  can  be  prevented,  the  whole  specter  of  cataclysmic 
explosions  from  mass  detonation  is  virtually  exorcised. 


Various  modes  of  sympathetic  detonation  have  been  heretofore 
suggested : 


• Direct  Shock 

• Fragment  Impact 

• Cook  off 

• Tr?nslational  Impact 

• Radiation  (Laser,  X-Rays) 

Sympathetic  detonation,  like  most  real  world  problems,  is 
far  too  complex  to  aspire  for  precise,  rigorous  solutions  in 
every  case,  and  is  far  too  broad  in  scope  to  risk  descriptions 
which  apply  well  but  only  to  specialized  situations.  Instead, 
we  will  follow  the  UTE  approach:  to  seek  out  the  controlling 
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variables  that  are  necessary  to  describe  the  phenomena  in  every 
case / and  to  use  approximate,  average  values  for  less  con- 
sequential details.  For  example,  it  makes  sense  to  aim  a 
cannon  just  as  accurately  as  is  necessary  to  accomplish  the 
mission  — not  as  accurately  as  possible — because  it  becomes 
a waste  of  time  and  is  misleading  to  dwell  on  details  that 
fall  well  within  the  inherent  probable  error  of  the  whole 
system.  UTE  is  both  a tool  and  a discipline;  a tool  for 
pioneering  research  when  information  is  sparse,  and  a dis- 
cipline that  demands  and  insures  that  what  we  profess  in  one 
field  be  consistent  in  what  we  profess  in  every  other  field 
that  involves  the  same  ot  analogous  phenomena. 

For  these  reasons,  the  emphasis  in  this  paper  is  twofold, 
to  show  that: 

• The  basic  mechanisms  of  sympathetic  detonation  are 
themselves  straightforward  hydrodynamic  phenomena, 
but 

• Cumulative  effects  such  as  multiple  impacts  of  fragments 
and  synergistic  effects  between  modes  of  energy  will 
often  produce  detonation  where  the  single  events, 
isolated  modes  by  themselves,  are  too  weak  to  do  so. 

MODEL  FOR  SYMPATHETIC  DETONATION 

Let  us  first  review  some  facts.  Regardless  of  the  com- 
plexities of  sympathetic  detonation,  here  are  a' set  of  well- 
established  facts  about  them.  They  are  also  a set  of  facts 
which  any  theory  must  explain  or  accommodate  in  order  to  be 
credible. 


1.  Energy  density  is  the  controlling  variable.  Sympathetic 
detonation  is  not  unique  to  pressure,  as  the  large- 
scale  gap  test  might  suggest,  or  to  temperature  as 
cook-off  might  suggest,  or  to  velocity  of  fragment 
impact,  to  deformation  of  the  explosive  or  to  trans- 
lational impact.  It  may  result  from  any  or  all  of 
these  causes,  the  common  denominator  is  energy  density. 

2.  Threshold  for  initiation  exists.  We  know  that  some 
critical  energy  density  must  exist  below  which  the 
explosive  will  never  detonate  however  long  it  is 
exposed  to  the  thermal  or  mechanical  stresses.  For 

a given  geometry,  the  large  scale  gap  test,  for  example, 
provides  just  such  definite  and  reproducible  initiation 
pressures.  To  make  that  statement  more  definite, 

Figure  1 shows  the  initiation  pressure  for  cast 
explosives  as  a function  of  percent  RDX  in  various 
mixtures  with  other  more  inert  materials.  Figure  2 is 
the  same  graph  for  pressed  explosives.  These  are 
compilations  recently  done  for  the  NESIP  program. 
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Critical  size.  If  the  source  for  detonation  is  too 
brief  or  the  impacting  fragment  is  too  small,  the 
detonation  wave  will  die  out,  however  intense  the 
stimulus  may  be.  We  know  that  because  innumerable 
times  a second,  cosmic  rays  and  particles  bombard 
explosives  with  vastly  greater  energy  density  than  is 
necessary  to  initiate  an  explosion  locally,  yet  they 
do  nothing  to  the  explosive  as  a whole,  except  perhaps 
to  "age"  it. 

4.  Synergistic  effects.  We  know  that  under  certain 
conditions,  effects  appear  to  be  cumulative.  For 
example,  if  explosives  are  exposed  to  fire  they  appear 
to  become  sensitive  to  small  impacts  which  will  set 
them  off.  There  is  an  old  saying  that  a second  bullet 
down  the  same  hole  will  always  set  off  an  explosive. 

5.  Reaction  energy  proportional  to  stimulus.  Less  widely 
known,  but  well  established  from  SUSAN  tests  is  the 
observation  that  the  energy  release  from  an  explosion 
is  a function  of  the  input  energy.  Up  to  the  point  of 
detonation,  low  impact  velocity  produces  small  explo- 
sions, high  impact  velocities  produce  large  explosion 
energies.  The  reaction  may  die  out  for  purely  chemical 
reasons,  and/or  many  mechanical  reasons,  such  as 
physical  break-up  of  the  explosive  charge  in  the  complex 
geometry  of  the  impact.  Once  a full  detonation  is 
achieved,  it  is  evidently  more  than  enough  to  initiate 
another  detonation.  So,  at  high  enough  impact  energies, 
the  explosion  wave  becomes  self-sustaining  and  the 
energy  release  is  no  longer  a function  of  the  impacting 
energy. 

Conceptual  Model.  Before  we  set  up  criteria  for  detonation,  we 
need  to  ask  "why  is  an  explosion,  in  the  first  place?"  Figure  3 
is  a classical  model  of  potential  energy  which  answers  that 
question,  along  with  the  facts  just  mentioned.  The  abcissa  is 
volume;  it  could  also  be  space  because  volume  depends  only  on 
the  spacing  r between  the  atoms,  V~r3 . It  could  be  the  volume 
of  a unit  mass  or  of  a mole,  but  let  us  think  of  it  as  the 
volume  of  a single  molecule,  that  is,  the  total  volume  of  a 
definite  number  of  atoms  such  as  carbon,  nitrogen,  hydrogen 
and  oxygen,  but  not  necessarily  always  having  the  same  molecular 
structure.  The  ordinate  is  the  energy  density,  the  potential 
energy  of  these  atoms  at  a given  volume.  A prerequisite  that 
any  material  be  a solid  or  liquid  is  such  a potential  well 
as  shown.  It  simply  requires  at  least  one  close  range  repulsive 
force,  which  tends  to  drive  the  atoms  apart,  and  one  close- 
range  attractive  force  which  tends  to  pull  the  atoms 
together.  At  some  distance  marked  by  the  bottom  of  the 
potential  well,  the  two  opposing  forces  just  equal  each  other, 
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and  the  mclecule  remains  in  a stable  configuration  ac  the 
bottom  of  the  well. 

Of  course  there  are  really  a great  many  positive  and 
repulsive  forces  in  a complex  structure  of  such  a molecule. 

There  may  well  be  a whole  series  of  potential  wells  - much 
more  complex  than  shown  here. 

To  explain  explosives  requires  also  a long  range 
repulsive  force  shown  by  the  long  sloping  curve  to  the  right. 

At  a large  enough  separation  between  molecules,  the  constituents 
become  a gas  and  the  far  right  hand  portion  of  the  graph  can 
be  approximated  by  t.he  ideal  gas  law  or  the  corresponding 
expression  for  the  mixture  of  explosive  debris. 

What  else  does  it  take  to  be  a practical  explosive?  It 
requires  only  that  the  depth  of  the  potential  well  be  small 
compared  with  the  peak  at  Ec.  So,  if  the  molecule  can  be 
energized  to  E~  by  whatever  process,  and  the  atoms  separated, 
the  debris  will  "slide"  down  toward  the  deeper  well  at  infinite 
separation,  releasing  far  more  energy  than  was  required  to  raise 
it  to  Ec  in  the  first  place.  As  in  any  chain  reaction,  the 
important  point  is  that  we  first  have  to  invest  energy  for  each 
molecule,  and  the  ratio  of  energy  released  to  energy  invested 
must  be  fairly  large  in  order  to  raise  several  adjoining  mole- 
cules up  to  or  exceeding  the  critical  energy  required  for  each 
of  them  to  reach  Ec.  Otherwise,  the  energy  released  from  one 
molecule  simply  appears  as  excitation  energy  of  several  adjoin- 
ing molecules,  none  of  which  have  received  enough  energy  to 
raise  them  up  to  the  critical  energy  Ec. 

We  need  also  to  recognize  that  the  same  numbers  of  atoms 
could  be  arranged  in  many  different  structures  or  combinations 
of  simpler  molecules  for  each  given  volume.  The  complete  set 
of  energy-volume  curves  requires  at  least  one  more  axis  directly 
out  of  the  paper,  representing  variable  compositions.  The 
whole  energy  may  be  represented  by  a surface,  something  like  a 
mountain  side,  full  of  hills,  valleys  and  lakes,  in  all 
directions.  The  surface  itself  is  an  "equilibirum"  state. 
Imagine  a raindrop  which  may  actually  start  (energized)  above 
the  surface,  fall  on  to  the  surface  and  eventually  find  its 
way  from  the  top  of  the  mountain  to  the  valley  below,  not 
necessarily  on  a bee-line  going  over  the  tops  of  ridges  to 
river  valley,  but  moving  in  three  dimensions  circuitously  from 
one  lake  or  a stream  to  the  next.  Better  yet,  if  the  mountains 
were  represented  by  an  irregular,  but  smooth  surface,  and  a 
steel  ball  were  rolled  down,  it  might  indeed  be  carried  over 
some  ridges  by  its  own  momentum.  Ivr,  still  move  in  a three 
dimensional  path.  The  path  might  fcj  different  for  different 
rolls,  depending  on  how  highly  it  was  energized  in  the  first 


1482 


place.  So  even  if  the  beginning  and  end  product  were  the  same, 
releasing  the  same  amount  of  energy  in  the  long  run,  the  rate 
of  release  might  be  entirely  different.  Like  the  difference 
between  a waterfall  and  following  a stream  bed  from  top  to 
bottom.  The  analogy  here  is  the  difference  between  detonation 
and  burning,  even  though  the  chemistry  looks  the  same.  One  of 
the  central  ideas  in  the  unified  theory  of  explosions  is  just  this 
point:  the  difference  between  prompt  and  delayed  energy. 


Criterion.  It  is  convenient  to  summarize  the  main  features 
of  this  model  and  of  the  facts  cited  earlier  by  means  of  the 
following  criterion 

JcE  - Ec)  dt  > Hminjjnum 

without  arguing  that  this  is  an  exact  or  final  expression. 

The  criterion  says: 

1.  The  energy  can  be  in  any  form,  hence  the  term  E rather 
than  pressure,  temperature,  velocity  or  deformation. 

2.  E must  exceed  some  critical  energy,  Ec,  necessary  to 
lift  it  out  of  the  potential  well,  or  the  molecule 
will  never  decompose  however  long  a time  t it  is 
energized. 

3.  The  energy  may  be  cumulative,  hence  the  integral. 

4.  Time  is  of  essence,  as  they  say,  because  it  is  not 
sufficient  merely  to  raise  the  molecule  to  some  high 
energy  — as  in  a collision  with  a cosmic  ray  - It 
must  remain  in  the  high  energy  state  long  enough  fer 
the  molecule  to  expand  and  disorganize  without  falling 
back  into  the  original  potential  well. 

5.  This  excess  action  summarized  by  the  integral  must 
exceed  some  minimum  action,  H,  sufficient  tc  activate 
more  than  one  nearest  neighbor  if  the  explosive  chain 
is  to  propagate  and  grow  as  a chain  reaction. 

How  such  a criterion  expression  translates  into  other 
criteria  involving  pressure,  temperature,  velocity  or  size, 
will  depend  upon  the  shock  strength  and  the  size  of  the 
stimulus  itself.  At  some  shock  strengths,  the  energy  will  be 
proportional  to  P^,  suggesting  the  criterion 

p2  t « constant 
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At  higher  shock  strengths,  involving  non-linear  compression, 
or  due  to  the  existence  of  voids,  the  energy  will  be 
proportional  to  P,  suggesting  a criterion 

Ft  = constant 

Finally,  the  region  and  time  of  activation  may  be  so  long  as 
to  guarantee  that  each  molecule  will  disorganize,  as  in  cook-off 
or  fully  developed  detonation  waves,  which  will  simply  require 
that 

P = constant 

For  each  such  case,  time  t may  be  replaced  by  a distance 
d using  the  local  sound  speed  c,  d = t/c.  In  the  acoustic 
approximation  and  if  E~p2,  pressure,  P,  and  material  velocity, 

V,  are  proportional,  then  P^t  leads  to  v2d  which  is  Vdl/2  = 
constant  which  is  sometimes  called  the  Jacobs  criterion. 

Under  conditions  where  E~P, 

Pt  leads  to  Vt  or  Vd  = constant 

a form  recently  found  by  Howe  (AKBRL  02048).  For  fully  developed 
detonation  waves 

P = constant  leads  to  V = constant 

These  regimes  are  displayed  graphically  and  compared  with 
test  data  in  Figure  3a.  It  shows  the  velocity,  V,  required  to 
detonate  Comp  B high  order  (ordinate)  as  a function  of  the 
fragment  size  d (abscissa).  At  the  highest  velocity  and 
pressure  levels,  the  circles  are  data  for  105  mm  shells 
impacted  by  relatively  small  fragments  as  correlated  by  Howe 
in  ARBRL  TR  02048;  in  this  regime  the  criterion  Vd  = constant 
evidently  applies.  At  moderate  velocities  and  pressure,  involving 
somewhat  larger  "fragments" , the  SUSAN  test  results 
and  the  large  scale  gap  tests  (NOL  TR  74-40)  suggest  that  a 
criterion  Vd*'^  * constant  applies.  For  SUSAN  data  and  LSGT, 
the  "fragment"  was  taken  as  the  diameter  of  the  explosive  itself. 
At  the  lowest  velocities  involving  massive  debris,  the  experi- 
ments suggest  we  have  reached  the  regime  where  V * constant. 

These  last  experiments  are  described  later  in  this  report,  using 
70  pound  projectiles  fired  from  the  IITRI  12"  gun  facility 
(DDESB  XVII,  Rindner).  P * constant,  V *=  constant, are  really 
the  tacit  assumption  we  make  whenever  we  use  almost  any  of  the 
classic  criteria  used  for  sensitivity;  large  scale  or  snail 
scale  gap  tests,  SUSAN  impact  velocity,  fragment  impact  velocity, 
or  drop  tests. 
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In  summary,  each  criteria  is  correct  under  certain 
conditions  and  incorrect  under  others.  Much  analysis  remains 
to  be  done,  but  they  all  appear  to  be  special  cases  of  a minimum 
action  criterion  f(E  - Ec)dt.  This  criterion  also  promises  a 
way  to  correlate  the  many  existing  different  sensitivity  tests. 

METHODS  OF  INHIBITING  PROPAGATION 

We  turn  now  to  some  methods  for  preventing  sympathetic 
propagation  as  suggested  by  this  criterion. 

First  let  us  see  which  of  the  damaging  variables  are 
capable  of  causing  detonation  between  neighboring  5"/54  shells. 
Figure  4 shows  pressure-distance  curves  as  was  calculated  with 
the  unified  theory  of  explosions  (NOLTR  72-209)  for  a 5"/54 
shell  loaded  with  7.8  pounds  of  Composition  A-3  explosive. 

Near  the  top  is  a horizontal  dashed  line  at  16  kilobars  which 
is  the  initiation  pressure  of  explosive  A-3  as  indicated  by 
large  scale  gap  tests.  To  use  a current  cliche,  it  is  the 
bottom  line  for  sympathetic  detonation.'  Far  below  it,  with  a 
maximum  at  32  bars,  is  the  side-on  blast  pressure.  It  is  too 
small  by  orders  of  magnitude  to  cause  detonation  in  an  adjacent 
round.  The  total  pressure  head  is  produced  mostly  by  the  dynamic 
pressure  (dashed  line)  of  the  debris  from  the  explosive  products, 
and  includes  the  average  value  of  the  fragments  energy.  When 
the  total  head  strikes  another  explosive,  it  produces  the 
reflected  pressure  shown;  we  see  that  it  is  barely  sufficient 
to  cause  direct  shock  inititation  at  the  warhead  surface  of 
an  abutting  round  or  one  perhaps  few  centimeters  distant. 

The  upper  three  full  lines  show  the  pressures  induced 
locally  by  typical  fragments  from  a 5"/54  projectile.  The 
average  fragment  with  an  impact  pressure  of  3.3  kbars  is  too 
slow  to  cause  detonation.  The  fastest  fragments  which  are 
possible  can  cause  detonation  of  bare  A-3  out  to  a considerable 
distance,  about  30  meters,  before  drag  forces  set  in  to  lower 
the  impact  velocity.  But  when  such  an  isolated  fragment  strikes 
che  shell  case  of  the  donor,  it  must  share  its  momentum  with 
the  receptor  case,  reducing  the  average  velocity  by  a typical 
factor  of  two, bringing  it  below  the  initiation  pressure.  The 
top  most  line  is  a fragment  moving  at  4200  f/s  which  is  required 
for  30  gram  fragment  according  to  fragment  impact  tests 
(Ref.  Roslund) . 

The  overall  conclusions  from  Figure  4 are; 

1.  Direct  shock  is  not  likely  to  cause  sympathetic 
detonation  of  5"/54  Composition  A-3  loaded  shells. 

2.  Single  small  fragments  are  incapable  of  producing 
detonation  in  5"/54  shells  loaded  with  A-3. 
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3.  The  cumulative  effect  of  multiple  impacts  from 
closely  spaced  small  fragments  are  required  to 
induce  detonation  in  these  shells. 

The  calculations  also  suggest  that  sympathetic  detonation 
of  5"/54  sh; 11s  with  A-3  are  marginal  at  best  and  it  could  be 
readily  dei  ated  with  modest  amounts  of  shielding. 

Similar  calculations  can  readily  be  made  for  other  warheads 
using  UTE. 

Guided  by  the  model,  we  are  concerned  only  with  fragment 
initiation,  not  blast  initiation.  The  following  processes 
show  promise  for  inhibiting  sympathetic  propagation  from  fragments. 

1.  Absorption 

2.  Stand-off 

3.  Scattering 

After  a brief  discussion  of  them,  we  will  incorporate  these 
processes  in  the  design  of  a system  capable  of  preventing 
sympathetic  detonation  within  the  spatial  dimension  of  existing 
pallets  of  5"/54  shells,  or  to  other  similar  munitions. 

Absorption.  The  large  scale  gap  test  (NOLTR  74-40)  is  an 
obvious  method  and  is  monumental  evidence  that  sympathetic 
detonation  can  be  inhibited  simply  by  imposing  a thickness  of 
absorber  like  plastic  cards,  between  the  donor  and  the  acceptor. 
Moreover,  the  LSGT  provides  an  encyclopedia  of  data  as  a rough 
guide  to  the  amount  of  absorber  required.  (See  figure  5) 

The  LSGT  shows  that  about  2.5  inches  of  plastic  are  required 

to  inhibit  detonation  of  A-3  in  the  confinement  and  geometry 
provided  by  the  large  scale  gap  tests.  The  equivalent  mass 
of  a dense  material  (but  poorer  absorber)  like  steel  is 

provided  by  a steel  plate  about  .3  inches  thick.  This  is 

a first  guess  as  to  the  thickness  of  steel  required  and  that 
is  about  what  the  P^SO  thickness  turns  out  to  be. 

These  inhibitor  or  absorber  thicknesses  would  hold,  provided 
the  attenuation  were  a matter  of  momentum  transfer  by  a smooth 
planar  shock  or  by  single  fragments.  For  the  5M/54,  the  donor 
case  does  not  provide  the  absorber  thickness  required  because 
it  transmits  the  high  reflected  pressure  it  produced  in  the 
explosive  and  is  later  driven  by  the  impulse  of  the  explosive 
debris.  But,  the  acceptor  case  is  an  attenuator.  To  a first 
approximation  the  attenuation  offered  by  the  shell  cases  is 
somewhat  offset  by  the  reflection  and  multiple  impact  processes. 

A fact  which  is  very  clear  from  the  pressure-distance 
curve  in  Figure  4:  fragments  are  a way  of  concentrating 
energy  well  above  what  the  smooth  shock  wave  can  produce. 
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Standoff  is  a way  to  capitalize  on  the  inherent  divergence 
from  any  spherical  or  cylindrical  explosion  merely  because 
the  fragments  move  outward  on  radial  lines.  Divergence  is 
the  reason  for  the  first  and  most  obvious  thing  to  know  about 
explosions:  the  farther  away  the  better. 

As  shown  in  Figure  6,  a given  size  plate  will  apparently 
increase  in  effectiveness  as  it  is  placed  farther  from  the 
donor  simply  because  it  subtends  less  momentum  and  energy 
than  it  would  suffer  at  the  closer  distance. 

Standoff  or  divergence  is  the  crux  of  the  question  why 
P<j50  occurs  at  short  distances  for  some  munitions.  For  other 
munitions,  sympathetic  detonation  may  be  a matter  of  fragment 
energy  and  single  fragment  size.  We  saw  from  the  UTE  calcula- 
tions, sympathetic  detonation  could  be  produced  at  very  larae 
distances,  or  many  meters. 

Summing  up:  UTE  calculations,  arena  tests  and  single  impact 
tests  agree  that  typical  fragments  from  any  5"/54  shell  are 
too  weak  to  detonate  another  projectile;  multiple  impacts 
are  required  and  their  cumulative  effect  can  fall  off  sharply 
at  short  distances  because  of  divergence  or  standoff. 

Scattering . By  scattering  (Figure  7),  i refer  to 
deflection  of  fragments  out  of  Lhe  beam  of  fragments  travel- 
ing along  radial  lines.  It  is  similar  to  the  way  photons  are 
scattered  without  being  absorbed  by  a thin  translucent  screen, 
or  by  fog.  The  outgoing  fragments  from  a shell  case  move 
radially  outward  as  in  the  upper  part  of  the  figure.  But  upon 
striking  the  scattering  medium  shown  below,  they  diverge 
outward  from  the  original  solid  angle  of  the  beam  within 
which  they  were  contained.  This  is  a powerful  method,  provided 
the  scatterer  is  not  too  wide,  otherwise  it  begins  to  scatter 
as  many  fragments  back  into  the  beam  as  were  scattered  out. 

We  want  to  use  an  inhibitor  no  wider  than  necessary. 

Inhibitor  module.  These  processes  for  absorption  have 
been  incorporated  in  the  design  shown  in  Figure  8.  The  intent 
is  to  put  individual  rounds  in  modules  (like  a milk  carton) 
with  minimum  size  inhibitors  and  placed  only  where  needed. 

An  alternate  idea:  the  inhibitor  bars  could  be  placed  between 
the  rounds  in  a standard  pallet. 

The  inhibitors  shown  serve  two  purposes: 

1.  They  absorb  momentum  and  energy  from  the  donor. 

2.  They  stiffen  the  module  walls. 
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We  wish  to  keep  the  absorber  as  thin  as  necessary  to  save 
weight.  The  inhibitors  are  as  narrow  as  possible  in  order  to 
maximize  scattering.  We  can  do  nothing  to  exploit  stand-off 
of  course  if  the  shells  are  to  be  placed  within  a standard 
pallet.  The  module  itself  or  the  pallet  spacing  does  provide 
an  important  air  gap  between  the  donor  and  the  acceptor; 
this  gap  allows  a rarefaction  to  develop  between  each  interface 
so  that  the  momentum  is  the  only  means  for  transmitting  the 
action  from  one  shell  to  the  next. 

Finally,  the  module  serves  two  other  purposes:  One  is 
for  protection  against  cook-off;  the  thin  case  or  wall,  together 
with  the  air  gap  between  the  carton  and  the  shell  is  an  excellent 
thermal  insulator.  And  second,  the  modules  being  square,  they 
can  can  readily  be  banded  together  in  any  size  pallets  of  their 
own.  They  can  be  stacked  without  breaking  loose  in  heavy  seas 
and  rolling  back  and  forth.  The  USE  BADGER  STATE  was  lost 
that  way  in  world  War  II  (DDESB  XV,  Osborn). 

INHIBITOR  TESTS 


We  turn  now  to  a series  of  experiments  with  76  mm  shells, 
5"/54  shells,  Mk  16  torpedoes  and  mock-ups  for  a variety  of 
warheads  including  the  Mk  46  torpedoes.  They  test  the  ideas 
and  methods  of  protection  discussed  so  far.  The  main  thrust 
of  the  results  is  to  show,  as  the  theory  indicated,  that 
sympathetic  detonation  is  no  preemptive  problem  for  any  of  the 
Navy  munitions  and  scenarios  considered.  Taken  together 
most  Navy  munitions  either  do  not  detonate  at  all  or  the 
detonation  appears  to  be  preventable  with  modest  inhibitors. 

76  mm  Projectile.  Figure  9 illustrates  a test  set-up 
and  results  for  7(>  mm  projectiles.  The  objective  was  to 
determine  the  distance  at  which  there  is  a 50%  chance  of  high 
order  detonation.  The  76  mm  is  a high  velocity  round  contain- 
ing about  1.35  pounds  of  high  explosive  A-3  and  has  a 0.4  inch 
thick  steel  case.  It  is  like  a small  version  of  the  5"/54 
shell.  The  so-called  P(j50  distance  is  obtained  by  varying 
the  spacing  between  donor  and  acceptor  according  to  an  "up 
and  down"  technique  — use  a larger  separation  on  the  test 
next  if  a detonation  occurs  and  use  a smaller  separation  when 
detonation  does  not  occur  (ASJ,  June  1953).  The  graph  at 
the  bottom  shows  the  results  in  the  form  of  probability  of 
detonation  (the  ordinate)  as  a function  of  the  separation 
between  the  shells  (the  abscissa).  The  Pj50  distance  calculated 
with  the  up-and-down  convention  is  shown  by  the  large  cross, 
slightly  over  3 cm  or  about  1.2  inches.  The  fractions 
indicate  the  number  of  detonations  out  of  shells  fired  at 
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each  distance/  for  example  2/2  means  2 out  of  2 shells  detonated 
(when  the  spacing  was  about  1.3  cm)  and  7/9  means  7 out  of  9 
detonated  (when  the  spacing  was  2.5  cm.,  or  1 inch). 

The  76  mm  shells  are  shipped  and  stored  in  an  aluminum 
case,  which  protects  the  propellant  and  cartridge  cases. 

The  shipping  case  insures  that  the  separation  between  rounds 
is  larger  than  the  Pd50  separation,  hence,  there  is  little 
probability  of  sympathetic  detonation  between  rounds.  Even 
without  the  shipping  case,  and  because  of  the  rotating  bands 
shown  on  the  sketch,  it  is  not  easy  in  operational  situations 
to  stand  two  shells  upright  and  space  them  as  close  as  the 
Pd 50  separation.  In  any  case,  wherever  bare  rounds  are  stored, 
as  in  the  ready  racks  below  the  gun  turrets,  the  separation 
is  always  substantially  larger  than  the  Pd50  separation 
found  here.  In  various  tests  so  far,  we  have  exposed  probably 
a hundred  76  mm  shells  to  76  mm  donor  projectiles,  some 
without  their  shipping  containers  in  simulated  ready  racks. 

We  have  never  had  even  a low  order  detonation  among  them. 

In  short,  there  is  no  problem  of  sympathetic  detonation 
between  Navy  76  mm  projectiles;  no  inhibitor  is  required. 

5"/54  Projectiles.  We  turn  to  results  with  the  5"/54 
shells . 

There  is  no  need  to  show  a graph  similar  to  Figure  9 for 
Pd 50  results  for  the  5"/54  projectiles  loaded  with  Explosive  D. 

No  sympathetic  detonation  occurred  even  when  the  donor  and 
potential  acceptor  were  butted  against  each  other  side-by-side. 

A whole  truckload  is  more  dramatic.  Shown  here  in  Figure 
10  are  two  full  pallets,  96  rounds,  complete  with  fuzes.  A 
central  round  of  the  forward  pallet  was  detonated.  Figure  11 
shows  the  result:  The  truck  was  hardly  damaged,  lots  of 
shells  were  thrown  around,  but  not  a single  detonation^  not 
even  low  order  or  burning  occurred  among  the  95  potential 
acceptors.  Unfortunately,  the  5"/54  Explosive  D shell  is  now 
obsolete.  Perhaps  second  thoughts  about  Explosive  D are  in 
order  in  view  of  the  wide  current  effort  to  develop 
insensitive  high  explosives. 

5"/54  shells  loaded  with  composition  A-3  are  more  sensitive. 
The  initiation  pressure  from  large  scale  gap  tests  is  about 
16  kilobars  for  A-3,  compared  with  32  kbars  for  Explosive  D. 

The  Pd50  separation  distance  for  our  first  lot  of  5"/54 
projectiles  is  shown  by  the  dashed  line  on  the  right  of  Figure 
13.  The  P(j50  separation  using  the  up-and-down  technique  was 
about  28cm,  (11  inches);  a similar  distance  is  obtained  by 
simply  joining  the  experimental  points  by  broken  lines  as 
shown.  Hence,  we  would  expect  complete  detonation  in  the 
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normal  pallet  where  the  shells  are  separated  by  1 inch  and 
2 inches.  In  the  truck  test  (Figure  12)  similar  to  the  one 
just  described  for  explosive  D,  (Figs.  10,  11)  we  used  one 
full  pallet  of  shells  plus  a token  row  40"  away  to  represent 
the  front  row  of  another  pallet.  The  result  in  Figure  12 
leaves  no  question  that  all  rounds  detonated.  More  signifi- 
cantly, the  propagation  jumped  the  40  inch  gap  between  the 
two  pallets,  setting  off  the  token  row.  The  Pd50  separation 
between  pallets  is  larger  than  for  single  shells.  Clearly, 
there  is  a problem  with  the  A-3  loaded  5"/54  shells. 

By  this  time  we  ran  out  of  the  early  lot  of  5"/54  shells 
and  had  ordered  more.  The  newly  arrived  ammunition  was  of 
older  manufacture  dating  to  the  early  1960's  and  contained 
many  different  lots.  We  will  refer  to  it  as  the  polyglot. 
Folklore  states  that  older  ammunition  is  more  sensitive.  We 
redid  the  P<j50  with  the  polyglot  and  the  results  are  shown 
by  the  full  line  in  Figure  13.  The  P350  for  this  older 
ammunition  is  now  about  16  cm;  about  half  what  we  see  for  the 
newer  ammunition  on  the  right  side,  . There  is  a smooth 
decrease  in  the  probability  of  detonation  from  100%  detonation 
at  5 cm  to  virtually  0%  at  24  cm  except  for  a single  round 
which  happened  to  detonate  at  30  cm.  The  truckload  of  pallets 
would  doubtlessly  still  have  detonated. 

It  is  sobering  to  realize  that  two  different  lots  of 
ammunition  can  vary  by  a factor  of  2 in  sensitivity  output. 

The  question  is:  "Is  the  difference  real?" 

In  preparation  for  a test  of  the  design  for  the  inhibitor 
module  , a new  type  of  P^O  test  was  undertaken.  This  time 
Wte  placed  a steel  plate,  3 inches  and  1.5  inches  wide  and 
about  15  inches  long  between  the  projectiles  and,  varied  the 
thickness.  The  results  are  shown  on  Figure  14.  For  the  3" 
wide  plate  the  first  lot  of  newer  ammunition  showed  a Pa50 
thickness  of  about  0.4  inches,  varying  from  complete  detonation 
with  1/4  inch  thickness  to  no  detonations  with  3/4  inch 
thickness.  The  P<j50  thickness  for  the  older  vintage  polyglot 
was  only  .21  inches,  again  about  half  as  much  as  the  new 
ammunition;  again,  the  probability  decreased  smoothly  from 
complete  detonation  at  0 separation  to  no  detonations  at  3/8 
inches.  Some  conclusions: 

1.  The  difference  in  sensitivity  between  lots,  a factor 
of  2,  is  confirmed. 

2.  Only  modest  thicknesses  of  steel,  like  3/4",  are 
needed  to  inhibit  sympathetic  detonation,  and  the 
inhibitors  are  easily  fit  within  a standard  pallet. 
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The  next  set  of  experiments  concerned  the  width  of  the 
plate.  At  first  thought  it  might  seem  that  the  wider  the  plate 
the  better.  But  Figure  15  shows  that  this  is  not  so.  The 
wider  shield  subtends  proportionately  more  energy  and  momentum 
of  the  projectile,  as  indicated  by  the  rays  B and  B* , whereas 
the  narrower  inhibitor  absorbs  less  momentum  and  energy, that 
lying  between  the  rays  A and  A',  so  less  overall  energy  is 
transferred  to  the  acceptor.  With  the  narrower  plate,  fragments 
lying  outside  A and  A'  would  strike  at  more  glancing  incidence, 
would  have  to  penetrate  much  steel  and  never  reach  the  explo- 
sive. But,  with  the  wider  plate,  to  the  extent  that  the 
plate  remains  intact,  about  twice  as  much  energy  or  momentum 
is  collected  and  eventually  brought  to  bear  on  point  C.  These 
are  not  intended  to  be  precise  arguments,  but  to  show  the 
general  trends  and  reasons  why  the  larger  plate  should  be  a 
poorer  inhibitor  than  the  narrower  plate.  It  is  strongly 
reminiscent  of  what  we  found  for  shielding  and  reported  in 
the  last  symposium  (DDESB  XVII,  Porzel):  the  minimum  size 
shield  was  best,  one  that  was  just  sufficient  to  do  the  job 
required  and  no  more. 

The  Pd50  thickness  tests  for  A-3  5"/54  shell  were  repeated 
this  time  with  a plate  only  1 1/2  inches  wide.  The  results 
are  shown  in  Figure  1^.  Sure  enough, for  the  newer  lot  ammuni- 
tion, the  Pd50  thickness  was  reduced  from  about  .4  inches,  as 
seen  in  Figure  14  to  about  .25  inches,  as  shown  here  by  the 
dashed  line.  And  for  the  older  polyglot  ammunition,  the  thick- 
ness was  reduced  from  about  .21  inches  for  the  3"  plate,  down 
to  .06  inches  with  the  1 1/2"  plate.  Again  we  confirm  the 
substantial  difference  in  sensitivity,  the  older  ammunition 
being  less  sensitive. 

From  the  graph  we  again  note  the  remarkable  result  that 
a strip  of  steel  1 1/2  inches  wide  and  1/8  to  3/8  inch  thick, 
depending  on  the  lot  of  explosive,  would  be  sufficient  to 
completely  inhibit  sympathetic  detonation  between  5"/54  shells 
even  with  so  sensitive  an  explosive  as  A-3.  All  the  damage 
seen  on  the  previous  photograph  of  the  truck  for  the  pallet  of 
5"/54  would  be  reduced  to  the  insignificant  effect  produced 
by  Explosive  D. 

This  is  a good  point  to  note  both  in  summary  and  in 
anticipation  of  further  results;  the  5"/f>4  shell  is  the  worst 
hazard  we  have  so  far  tested  among  Navy  munitions.  Yet,  it 
is  possible  to  prevent  sympathetic  detonation  by  plates  of 
steel  1/8  to  3/8  inch  thick. 
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To  test  the  module  concept,  experiments  were  first 
done  with  arrays  of  24  and  29  shells,  approximately  a quarter 
of  a standard  pallet,  see  Figure  17.  They  were  placed  on  a 
large  steel  plate,  1"  thick  which  served  as  a witness  plate 
for  sympathetic  detonation:  Experience  shows  that  such  a plate 
is  a go-no-go  device  that  either  perforates  when  a high  order 
detonation  is  achieved  or  otherwise  shows  little  sign  of 
damage.  A central  round  in  the  array  was  detonated.  The  result: 
No  sign  of  detonation  except  under  the  donor  round,  where  it 
verified  that  the  donor  did  go  high  order.  All  the  shells  were 
recovered,  many  with  the  fuzes  still  intact.  Three  of  the 
closest  neighbors  were  broken  severely  by  mechanical  action 
of  the  explosion  from  the  donor  round. 


These  tests  have  been  repeated  twice  since  then  with  the 
same  result.  The  3/4" thick  inhibitors  completely  supress 
sympathetic  detonation. 

A confirmatory  test  was  done  with. an  array  of  48  shells 
in  a standard  pallet,  Figure  18.  Again,  only  the  donor 
detonated;  the  witness  plate  showed  only  a single  (new)  hole  below 
the  donor,  and  all  the  rounds  were  accounted  for.  Had  the 
pallets  been  placed  on  a truck  the  results  would  have  been  just 
the  same  as  the  Explosive  D on  the  truck;  barely  any  damage  to 
the  truck. 
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Mk  16  Torpedo 

We  turn  now  to  thin-skinned  weapons  and  some  experiments 
with  Mark  16  torpedoes.  This  warhead  contains  about  7k7  pounds 
of  HBX -3  and  has  a bronze  case  about  1/8"  thick.  Calculations 
with  UTE  show  the  case  is  thin  enough  and  the  fragment  velocities 
are  high  enough  that  a single  fragment  can  be  sufficient  for 
initiation  at  long  distances. 

Figure  19  is  a fortunate  photograph  which  verifies  single 
fragment  initiation.  The  test  is  similar  to  a P^SO  test  with 
shells;  the  warheads  were  placed  upright  on  thick  witness 
plates,  and  in  this  photograph  the  donor  and  acceptor  were 
32  feet  apart.  We  see  here  a single  fragment,  still  outrunning 
the  fireball;  it  strikes  the  lower  side  of  the  warhead,  which 
then  bursts  with  the  characteristic  white  heat  of  a detonation, 
not  the  yellowish  flame  of  burning.  The  witness  plates  and 
craters  left  no  doubt  that  detonation  occurred  for  32  feet 
separation  and  would  do  so  for  smaller  separations.  It  would 
probably  be  a waste  of  ammunition  to  test  at  longer  distances; 
the  Mk  16  would  detonate  on  the  small  chance  of  a single 
energetic  fragment  striking  it. 

Sympathetic  detonation  of  the  torpedoes  is  relatively 
easy  to  defeat.  First,  according  to  UTE  calculations,  we 
do  need  about  2 feet  separation  to  prevent  sympathetic 
detonation  by  the  direct  shock.  Given  that  separation,  all 
that  is  then  required  is  a relatively  thin  plate,  although 
substantially  thicker  than  the  warhead  case,  just  enough  to 
bring  the  donor  case  fragment  below  the  initiation  velocity. 

The  first  test  was  done  with  a 5/6  inch  plate,  shown  in 
Figure  20.  The  upper  torpedo  was  the  donor,  the  lower  torpedo 
was  the  acceptor.  The  result:  No  detonation.  We  know  that 
because: 

1.  About  100  pounds  of  unburned  explosive  was  recovered 
from  the  craters  and  surrounds. 

2.  Massive  fragments  of  the  acceptor  warhead  were  found, 
about  a foot  across,  which  could  never  have  been  so 
large  had  the  acceptor  detonated. 

3.  All  the  plate  fragments  recovered  showed  numerous 
craters  from  impacts  but  always  only  on  one  side, 
clearly  the  side  facing  the  donor. 

4.  Plate  fragments  were  found  beneath  the  acceptor  in 
the  crater,  where  they  never  could  have  been  driven 
had  it  detonated. 
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These  tests  were  repeated  3 times  with  a 5/16  inch  plates, 
with  the  same  separation  between  warheads  (Figure  21).  This 
time  the  warheads  were  placed  upright  on  a witness  plate. 

Another  witness  plate  was  set  vertically  to  the  side.  The 
acceptor  shadowed  the  donor  fragments  so  that  any  fragments 
from  a detonated  acceptor  could  be  identified.  The  results 
in  all  three  cases  were  the  same  as  with  the  5/8  inch  plate: 

No  detonation  occurred!  as  shown  tyno  marks  found  on  the 
horizontal  witness  plates,  by  the  absence  of  acceptor  fragment 
craters  on  the  vertical  witness  plate  and  most  definitely  by 
finding  much  unburned  explosive  in  the  vicinity.  Some 
acceptor  explosive  did  ignite  when  it  struck  the  witness 
plate,  and  on  one  test,  recovery  was  delayed  for  about  one-half 
hour  while  the  scattered  explosive  burned  itself  out. 

These  experiments  are  themselves  an  almost  definitive 
case  against  the  mechanism  of  sympathetic  detonation  by 
translational  impact.  Theory  argues  against  it,  too.  The  shock 
wave  from  the  donor  which  sets  the  acceptor  into  motion  is 
equivalent  to  the  reflected  shock  which  passes  through  it  when 
the  acceptor  is  stopped  by  the  vertical  witness  plate.  We 
then  ask:  If  the  shock  from  the  donor  were  too  weak  to 
detonate  the  acceptor  initially,  is  it  likely  to  hurl  the  acceptor 
with  sufficient  velocity  to  cause  detonation  by  the  stagnation 
pressure?  These  tests  and  arguments  suggest  translational 
impact  does  not  apply,  at  least  to  thin  cased  weapons. 

Figure  22  shows  how  not  to  design  an  inhibitor:  Make  it 
thick  enough  to  transmit  the  donor  shock  directly  and  to  pre- 
vent scattering.  This  shield  is  a 1/4  inch  of  steel  faced 
with  a foot  of  wood,  and  contains  far  mors  mass  than  the 
5/16”  steel  plate.  The  two  warheads  are  almost  close  enough 
to  detonate  by  direct  shock  according  to  the  UTE  calculations. 
The  results  left  no  doubt  that  the  acceptor  detonated.  The 
witness  plate  showed  a large  dent  below  the  acceptor;  detonation 
occurred  and  was  immediate. 

There  is  no  paradox  here  between  the  two  experiments. 

In  the  first  experiment,  using  a 5/16”  plate  and  a large 
separation,  only  a small  fraction  of  the  donor  energy  impinged 
on  the  acceptor,  the  distance  was  large  enough  to  be  beyond 
direct  shock  initiation,  and  the  plate  was  just  thick  enough 
to  inhibit  fragment  initiation.  In  the  second  "sandwich" 
experiment,  the  spacing  was  close  enough  for  direct  shock 
initiation,  a wide  sector  of  the  donor  energy  was  captured 
by  and  contained  within  the  shield  which  when  impinged  on, 
and  perhaps  wrapped  around  the  acceptor  case  converging  inward 
on  the  acceptor.  The  facts  remain:  The  thin  plate  and 
standoff  inhibited  the  detonation;  the  sandwich  shells  did 
not  prevent  it. 
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Massive  Debris 


We  have  described  experiments  with  high  speed  fragments 
from  thin  cased  weapons  and  lower  speed  fragments  from  thick 
cased  weapons.  We  turn  to  a series  of  experiments  with 
massive  masonry  debris  at  very  low  speeds.  Mock  ups  of  various 
Navy  warheads  with  HBX-1,  HBX-3  and  H-6  were  tested  but  of 
particular  interest  is  PBXN-1G3  because  it  is  one  of  the  most 
difficult  of  explosives  to  detonate,  but  one  of  the  easiest 
to  ignite  by  burning. 

The  gun  shown  in  Figure  23  is  the  Illinois  Institute  of 
Technology's  12  inch  air  gun  at  La  Porte,  Indiana  (DDESB  XVII, 
Rindner) . IITRI  did  the  experiments  for  us.  The  projectiles 
were  essentially  an  8 x 8 x 12  inch  block  of  brick  masonry, 
mortared  and  banded  together  and  weighing  about  70  pounds. 

Same  test  predictions  and  results  for  PBXN-103  are  shown 
in  Figure  24.  The  abscissa  is  the  debris  velocity  in  feet/ 
second.  The  ordinate  is  a blast  pressure  that  was  measured 
from  the  target.  Labelled  here  in  psi,  it  corresponds,  as 
in  the  SUSAN  tests  to  slight  reactions,  moderate  reaction, 
vigorous  reaction  and  finally  detonation  as  shown.  The 
circles  joined  by  straight  lines  are  SUSAN  test  data  for 
PBXN-103  but  modified  to  account  for  the  fact 

that  here  the  debris  was  brick  rubble,  whereas,  in  the  SUSAN 
tests  the  projectile  impacted  on  a massive  steel  plate. 

The  box  on  the  upper  right  shows  predictions  one  makes  on  the 
basis  of  large  scale  gap  tests;  there  the  characteristic  size 
of  the  explosive  or  activation  zone  is  d = 3 inches  instead  of 
d = 8 inches  for  the  brick  masonry.  The  lower  horizontal 
dashed  line  is  the  pressure  one  predicts  for  a free  air 
explosion  of  the  test  geometry  and  charge  weight;  the  upper 
horizontal  dashed  line  is  the  corresponding  reflected  pressure 
expected  from  full  detonation  over  a perfectly  rigid  plane  — 
or  as  if  the  target  plate  were  "infinite"  in  extent  for  the 
SUSAN  tests.  The  box  is  bounded  on  the  left  by  the  velocity 
required  if  the  driving  debris  were  in  direct  contact  with  the 
explosive,  as  in  the  SUSAN  tests,  and  on  the  right,  for  free 
debris  striking  the  explosive.  On  the  basis  of  analysis  of 
SUSAN  tests,  we  would  predict  a threshold  for  ignition  by 
brick  debris  — zero  output  pressure  — to  be  around  300  f/s. 
From  the  experiment  we  found  that  the  threshold  is  about  350 
f/s  for  PBXN-103  in  a .145  thick  aluminum  case,  and  around 
520  f/s  for  PBXN-103  in  a .25  inch  thick  steel  case.  This 
is  good  agreement  in  view  of  all  uncertainties;  a blind  use 
of  the  SUSAN  test  data  disregarding  the  difference  between 
steel  and  brick  would  have  suggested  that  PBXN-103  could 
ignite  at  a velocity  below  100  f/s. 
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Table  1 shows  the  results  for  impact  of  masonry  debris 
on  the  four  explosives  and  cases  tested.  In  no  case  did 
detonation  or  even  moderate  reaction  occur,  even  for  debris 
velocities  in  excess  of  800  f/s.  Burning  of  PBXN-103  occurred 
in  three  cases,  at  386  f/s  with  a .145"  aluminum  case  and 
above  500  f/s  in  a .25"  steel  case.  Two  of  the  latter  shots 
produced  slight  pressure  pulses,  which  may  be  taken  as  evidence 
of  some  reaction  equivalent  to  a small  fraction  of  a pound  of 
TNT,  but  it  is  not  much  more  than  the  energy  of  impact  of  the 
debris. 

It  is  noteworthy  that  these  experiments  with  massive 
debris  were  done  as  part  of  a typical  safety  problem  under 
the  NESIP  program.  The  question:  Would  the  detonation  of 
65,000  pounds  of  explosive  in  a small  brick  building  with 
9"  thick  wall  induce  sympathetic  detonation  to  thin-cased 
explosives  stored  in  another  such  building  90  feet  away? 

The  answer  to  the  question  was:  No  problem.  The  common  NAVY 
explosives  are  too  insensitive  even  to  burn  under  those 
conditions,  let  alone  detonate. 


1 


TABLE  1 


PRELIMINARY  TEST  RESULTS 
Brick  Impacting  on  Thin  Cased  Warheads 
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SUMMARY 


Under  the  Navy  Explosive  Safety  Improvement  Program  we  have 
found : 

1.  Sympathetic  detonation  is  a straightforward  hydro- 
dynamic  phenomena  which  can  be  explained  and  quantitatively 
described  by  simple,  approximate  but  comprehensive  methods 
such  as  the  unified  theory  of  explosions  (NOLTR  72-209). 

2.  The  controlling  variables  for  sympathetic  reactions 
can  be  summarized  by  the  criterion 

/( E - Ec)  dt  > H 
J minimum 

which  requires  some  stimulus,  E,  greater  than  a critical  value, 
Ec,  which  lasts  for  time,  t,  long  enough  for  the  induced 
reaction  to  be  self-sustaining. 

3.  Experimental  data  sufficient  to  supply  critical 
parameters  in  the  above  criterion  already  exist  from  standard, 
well-known  measurements  such  as  the  large  scale  gap  test  and 
SUSAN  tests. 

4.  An  effective  means  of  inhibiting  sympathetic  detonation, 
when  needed:  Use  thin  narrow  plates  to  scatter  and  abscrb 
fragment  energy,  provided  there  is  sufficient  (but  small) 
stand-off  necessary  to  "vent”  the  energy  and  prevent  initiation 
by  direct  shock. 

5.  We  have  designed. and  successfully  tested  the  following 
devices  to  inhibit  sympathetic  detonation: 


Case  Warheads  and  Explosive  Inhibitor 


Thick  cases 

76  mm  projectile,  A-3 

None  required 

5"/54  Explosive  D 

None  required 

5"/54,  Comp.  A-3 

.75  x 1.5  x 15" 

steel  plate, 
w/o  standoff 

Thin  case 

Mk  16  Torpedo 

.31  inch  thick 

(high  speed 

plate  w/40  inch 

dense  frags) 

standoff 

Thin  case 

PDXN-103  .125"  A1  case 

No  burning  below 

(massive  soft 
debris) 

PRXN-103  .25"  steel  case 

300  f/s 

No  burning  below 
500  f/s 

H-6 , HEX-1 , HEX -3 

No  burning  at 

typical  cases  for  mines 
destructors 

800  f/s 
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As  an  overall  summary  for  Navy  explosives  and  warheads 
so  far  tested,  we  find  either  that  no  hazard  exists,  or  that 
sympathetic  detonation  can  be  prevented  by  relatively  mode&t 
inhibitors. 
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INITIATION  PRESSURE,  KILOBARS 


O DATA  FROM  APPENDIX  C NOLTR  7*40 

LEAST  SQUARES  LINEAR  CORRELATION 

□ PBXN-103,  DESTEX 
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x 
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so  100 


PERCENT  RDX  IN  EXPLOSIVE 


FIGURE  1. 


INITIATION  PRESSURES  FROM  LARGE  SCALE  GAP  TESTS 
CAST  CHARGES:  RDX/TNT/INERT  MATERIALS. 


INITIATION  PRESSURE,  KIL08ARS 


COMP  A3 


POTENTIAL 
ENERGY,  E 


VOLUME 

MINIMUM  ACTION  REQUIRES 

1)  ACTIVATION  ENERGY  AND 

2)  LONG  ENOUGH  TIME  TO  DISORGANIZE  THE  STRUCTURE 


FIGURE  3.  SIMPLIFIED  POTENTIAL  WELL  OF  AN  EXPLOSIVE. 


CONSTANT  Vd  - CONSTANT  V-  CONSTANT 


FIGURE  3 A, CORRELATION  OF  CRITERION  VD77  - CONSTANT 

In  various  regimes  for  full  detonation  of  composition  B. 


FIGURE  4.  PRESSURE-DISTANCE  FOR  5'754  PROJECTILE. 

7.8  lbs.  A 3 in  70  lbs  steel  cast  UTE  predictions,  spherical  equivalent.  j 
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10.16 


FIGURE  5.  LARGE  SCALE  GAP  TEST  ASSEMBLY. 
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FIGURE  6.  SHIELD  STAND-OFF  AND  EFFECTIVENESS 

For  the  urn  area, thickness  and  weight  of  shield,  the  geometry  shows  that  the  more  distant  shield  at 
S}  will  be  more  effective  than  the  closer  shield  at  S'],  by  the  factor  (S2/  $1  >*. 


S. 
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APPROXIMATE  WEIGHTS,  48  ROUND  PALLET.  SHELLS,  3500 

PALLET. 500= 

CRITERION:  AT  LEAST  2 INCHES  OF  STEEL 
BETWEEN  CENTER  OF  DONOR 
AND  THE  HE  IN  THE  ACCEPTOR 
OPTIONS:  SINGLE  MODULES,  BOLTED  TOGETHER  , 

OR  MULTI  ROUND  'EGG  CRATE"  I 

WIRE  BASKET  OR  SHEET  STEEL  BOX' 

1/4"  * 1 1/2"  x 15"  ANGLE  IRON  INHIBITOR-STIFFENER-— 

/ 3/3"  x 1 1/2"  x 15"  BAR  INHIBITOR-STIFFENER 


HIGH  EXPLOSIVE 


FIGURE  8.  OPTIMISTIC  DESIGN  FOR  A MODULAR  CONCEPT  FOR  AN  INHIBITING  PALLET  FOR  5'754 
SHELLS  TO  PREVENT  SYMPATHETIC  DETONATION. 
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ECEIVER 
ROJECTILE  B 


3.06  CM.  1.2  INCHES 


\ 

\ 

DETONATED  OUT  k.*. 
OF  TRIALS  V17* 


SEPARATION  DISTANCE,  INCHES 

FIGURE  9.  P6SO  SEPARATION  TEST:  76  mm  SHELL  WITH  EXPL.  A/3. 

TEST  OBJECTIVE:  Part  of  a tarns  of  test*  to  determine  a distance  value  for  fifty  percent 
probability  of  sympathetic  high  order  detonation  between  76  mm  HE-PD  SF  projectile  MK  166 
MOD  0.  with  fuze.  Lot  *1315  00488-0978  ALN  6 C-76  with  no  shielding. 
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Two  full  pallets.  96  rounds  were  present.  A single  donor  shell  was  used  in  the  forward  pallet. 


PROBABILITY  OF  DETONATION 


TEST  ARRANGEMENT: 


PROJECTILE  A 


PROJECTILE  B 


DONOR 


AIR  GAP 


AIR  GAP- 


RESULTS: 


1 


1"  STEEL  WITNESS  PLATE 


1/1 

1/1 

□ 

2/2 

-°s 

\ 

4/s\ 

N NEWER  LOTS  119691 
\ 

\ 

OLDER  LOTS  \ 

OLD 

0 B/2 

V 

\ NEW 

("POLYGLOT") 

1AAA 

\ -+• 

' | 1/2 
UP  AND  DOWN  M—  A 

TEST ARRANGEMENT: 


FIGURE  14.  Fd50  THICKNESS.  3"  WIDE  PLATE  TEST,  5"/S4  W/A-3. 

TEST  OBJECTIVE:  Part  of  a terie*  of  tarn  to  determine  a distance  value  for  fifty  percent 
probability  of  sympathetic  high  order  detonation  between  S'754.  HE  -VT,  Comp  A-3  loadad 
project  In  with  3**  (7.6  cm)  wide  mild  steel  shielding  between  the  projectiles. 
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FIGURE  IS.  KEEP  THE  INHIBITOR  PLATE  NARROW. 

Too  wide  an  inhibitor  increases  loading  of  the  donor  and  prevents 
scattering  of  the  inhibitor  near  the  point  of  contact  C. 


PROBABILITY  Of  DETONATION 


TEST  ARRANGEMENT: 


INHIBITOR  THICKNESS,  INCHES 


FIGURE  16.  Pd50  THICKNESS  154"  WIDE  PLATE  TEST,  5'754  W A/3. 

TEST  OBJECTIVE:  Part  of  a tariai  of  test*  to  determine  a distance  value  for  fifty  parcant  probability 
of  sympathetic  high  ordar  detonation  between  5"/54,  HE-VT,  Comp  A-3  loaded  projectiles  with  154” 
(3.8  cm)  wide  mild  itael  shielding  between  the  projactilet. 


SEPARATION 


RESULTS:  NO  SYMPATHETIC  DETONATIONS;  HOLE  FROM  DONOR  ONLY  16  OF  19 

ACCEPTORS  FOUND  IMMEDIATELY,  13  INTACT  AND  MOSTLY  WITH  FUZES. 
3 SPLIT  OPEN,  3 BURIED  OR  BROKEN  UP. 


FIGURE  17.  INHIBITOR  TEST.  AWC420A8. 20  APRIL  1978. 

5"/84  MK  414  Projectile  with  VT  fum,  A-3  Loaded.  20  rounds 
me  has  separation,  tingle  rounds  without  inhibitors 
Full  pallet  will  detonate  across  48"  gap 


lb!9 


FIGURE  19.  SINGLE  FRAGMENT  DETONATES  MK  16  TORPEDO  AT  3?  FEET 


1 l 


TEST:  4N 080167 
TIME:  18:00  MDT 


DONOR 


ACCEPTOR 


I «"  I 

A 


WITNESS  PLATE 


S/15"  STEEL  PLATE  | 2V'  ! 

1 A 


I WITNESS  PLATE  | 


| 40"  1 

STANDOFF 


VERTICAL  WITNESS 
PLATE 


FIGURE  21.  MK  16  TORPEDO  WARHEADS*  747  POUNDS  HBX-3  IN  1/8“  BRONZE  CASE. 
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LAUNCHER 


FIGURE  24.  CORRELATION  OF  LARGE  SCALE  GAP  TE  ST.  SUSAN  TESTS  AND  CONCRETE 
RUBBLE  TESTS  FOR  i'BX  N103. 


[ 


The  box  labelled  l SGT  shorn  the  domain  for  full  detonation  of  PBX  N103.  depending 
on  direct  contact  for  free  flying  debris  and  efficiency  of: 

O SUSAN  TEST  DATA  (IMPACT  ON  STEEL)  WERE  CORRECTED  TO  CORRELATE  WITH 
FREE  FLYING  MASONRY  DEBRIS. 

♦ MASONRY  RUBBLE  TESTS.  ITTRI  AIR  GUN  FACILITY. 
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SIMULATED  TOMAHAWK  MISSILE  HANDLING  ARC  TEST  RESULTS 


by 


J.  M.  Ward 

Naval  Surface  Weapons  Center 
White  Oak,  Silver  Spring,  Maryland 


1 . INTRODUCTION 


1 . 1 BACKGROUND 


The  work  reported  here  was  performed  as  part  of  the  Navy 
Explosive  Safety  Improvement  Program  (NESIP) . In  the  past, 
the  Navy  has  been  issued  Explosive  Safety  Quantity  Distance 
(ESQD)  waivers  at  the  tidewater  port  complexes  during  explosive 
handling  operations  which  were  necessary  to  maintain  fleet 
operational  readiness  requirements.  The  ESQD  arc  of  1250  ft 
was  established  for  30,000  lb  net  HL;  however,  the  requirement 
is  applied  to  any  quantity  of  fragmenting  ordnance  below  this 
amount  unless  a specific  safe*  handling  arc  has  been  established. 
Herein  lies  the  problem  - ESQD  waivers  had  to  be  issued  for 
operations  such  as  ordnance  transfers,  where  the  quantity  of 
munitions  involved  was  much  less  than  30,000  lb  net  HE,  but 
where  no  appropriate  safe  handling  arc  had  been  established. 

The  NESIP,  as  one  of  its  objectives,-  has  been  concerned  with 
establishing  these  safe  handling  arcs  for  various  items  of 
ordnance  and  their  associated  operations  for  handling. 

One  ordnance  item  of  interest  to  the  Navy  is  the  TOMAHAWK 
cruise  missile  (HE  warhead)  which  will  be  involved  in  future 
Naval  operations.  The  study  reported  here  was  undertaken  to 
establish  the  safe  handling  arc  for  the  TOMAHAWK  missile  (HE 
warhead)  when  it  is  handled  at  a pier  as  part  of  off-  and  on- 
loading  of  a ship. 

1 . 2 ACCEPTABLE  HAZARD  HANDLING  ARC 

A safe  (acceptable  hazard)  handling  arc  is  represented 
in  Figure  1.  Ir»3ide  the  arc,  the  density  of  impacting 
hazardous  fragments  is  p„  > (1/600)  ft^;  that  is,  there  are 

H 2 

more  than  one  hazardous  fragment  impacts  per  600  ft  of  area. 
Outside  of  the  arc,  the  density  of  hazardous  fragments  is 
pu  < (1/600)  ft^;  that  is,  there  is  less  than  one  hazardous 
" 2 

fragment  impact  per  600  ft  of  area.  The  area  referred  to  in 
the  definition  is  horizontal  ground  surface  area.  A fragment 
is  considered  hazardous  when  it  possesses  an  impact  energy  of 
58  ft-lb  or  greater.  A second  criterion  is  used  to  define 
acceptable  hazard:  the  blast  pressure  outside  the  arc  shall 
be  no  more  than  1 psi. 


*The  word  "safeH  as  used  in  the  term  "safe  handling  arc" 
signifies  "acceptable  hazard". 


One  of  the  major  objectives  in  the  NESIP  is  to  establish 
a safe  handling  arc  for  munitions  handling  at  the  pier,  and 
specifically,  for  the  work  reported  here,  for  the  handling  of 
a TOMAHAWK  missile. 

1.3  OBJECTIVE 


The  objective  of  the  work  was  to  determine  the  safe 
handling  arc  for  the  TOMAHAWK  cruise  missile  !HE  warhead)  in 
a transport  configuration  representative  of  future  Naval  ordnance 
transfer  operations  between  a ship  and  the  pier. 

Experimental  tests  were  to  be  performed  to  compare  with 
results  predicted  with  a simple  analytical  model  developed 
as  part  of  the  NESIP  technology  base. 

A fragment  shield  was  to  be  designed  and  tested,  if 
necessary,  in  order  to  provide  a safe  handling  arc  on  the 
order  of  500  ft. 

1. 4 SUMMARY 

The  safe  handling  arc  for  the  simulated  TOMAHAWK  missile 
in  a representative  transport  configuration  was  determined  to 
be  ^ 500  ft.  A fragment  shield  design  was  not  required. 

This  paper  briefly  describes  the  simple  analytical  model 
developed  for  predicting  safe  handling  arcs,  the  experimental 
tests,  and  the  method  of  analyzing  the  recovery  area  data. 

All  important  assumptions  for  both  the  analytical  model  and 
the  data  analysis  are  presented  so  that,  if  necessary,  most 
simplifying  assumptions  can  be  easily  identified  and  then 
modified  to  improve  the  approximation  for  future  analyses. 

The  various  elements  of  the  experimental  model  are  discussed 
briefly  to  describe  the  degree  of  simulation  involved  in 
building  the  models.  Model  dimensions  and  weights  cited  are 
only  approximate. 

Only  the  recovery  area  fragment  data  and  results  are 
published  here.  A complete  test  report  will  be  published 
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as  a Naval  Surface  Weapons  Center  Technical  Report  at  a later 
date. 


2 . ANALYTICAL  MODEL 

The  analytical  model  used  to  predict  the  safe  handling 
arc  for  the  TOMAHAWK  missile  was  developed  by  F.  B.  Porzel  and 
was  presented  at  the  17th  Explosives  Safety  Seminar  (Reference  1) . 

2.1  IMPORTANT  PARAMETERS 


The  simple  model  is  based  on  the  following  main  assumptions. 

(a)  Spherical  symmetry  - The  fragment  density  is  averaged 
over  all  polar  angles.  Side-spray  enhancement  is  not  included. 

(b)  Uniform  initial  velocity  - There  is  no  fragment 
velocity  distribution,  all  fragments  have  the  same  initial 
velocity. 

(c)  Constant  drag  coefficient  - The  drag  coefficient 
for  fragments  in  supersonic  flight  is  used.  The  fragment 
velocity  decays  exponentially  as  does  the  fragment  energy. 

(d)  Flat  trajectory  - Only  the  low-angle  trajectory 
path  is  considered  and  this  path  is  computed  as  straight-line. 

The  high-angle  trajectory  path  solution  is  ignored.  Since  the 
low-angle  trajectory  path  produces  the  more  hazardous  fragment 
impact,  the  effect  of  this  assumption  is  to  overestimate  the 
number  of  hazardous  fragment  impacts  (e  ergy  > 58  ft-lb)  . 

(e)  Trajectory-normal  fragment  areal  density  - The 
fragment  areal  densities  normal  to  the  trajectory  path  are 
calculated.  Corrections  for  terminal  angle  of  fall  at  the 
horizontal  ground  surface  are  not  made.  Because  of  this 
assumption,  the  areal  density  of  fragment  impacts  is  over- 
estimated. 

*f)  Fragment  characteristic  size  - The  fragment 
characteristic  size  (LI)  is  usually  assumed  to  be  one  -half  the 
thickness  of  the  case  material  unless  fragment  size  distribution 
data  are  available.  In  this  case  Ll  is  determined  by  a fit 
to  the  available  data  (see  (g)  below). 

Reference  1.  Porzel,  F.  B. , design  of  Lightweight  Shields 
Against  Blast  and  Fragments,"  Minutes  of  the  Seventeenth 
Explosives  Safety  Seminar,  Department  of  Defense  Explosives 
Safety  Board,  14-16  September  1976,  Vcl.  II,  p.  1247. 
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(g)  Fragment  size  distribution  - The  fragment  sizes  are 
assumed  to  follow  the  distribution 


where 


N { >L)  = NQ  exp  (-L/L1) 

N { > L)  = The  number  of  fragments  with  characteristic 
dimensions  larger  than  L 

Nq  - The  total  number  of  fragments  = W/(6p(Ll)3) 

LI  = The  characteristic  fragment  size 
L = Mean  fragment  size  = (mass/density /shape  factor) 


W = Case  weight 
p = Case  material  density, 

(h)  Uniform  shape  factor  - The  shape  factor  S is  used  3 
to  relate  the  fragment  mass  to  its  mean  dimension  by  M * Sp(L)  . 


(i)  Fragment  initial  velocity  - The  explosive  energy 
is  assumed  to  be  equipart Ltioned  between  the  internal  and 
kinetic  energies  of  the  explosion  gas  products  and  case  debris. 
The  initial  fragment  velocity  is  determined  when  the  total 
mass  and  the  explosive  eneray  output  are  specified. 


(j)  Energy  equivalent  - The  TNT  energy  equivalent  used 
is  720  cal/gram. 

The  analytical  model  is  very  simple  to  apply  and  is  quite 
useful  for  providing  an  estimate  for  the  safe  handling  arc. 

The  analytical  model  was  instrumental  for  planning  purposes 
in  the  design  of  the  experimental  tests. 


2.2  PREDICTIONS 


‘ine  preliminary  predictions  for  the  TOMAHAWK  safe  handling  arc 
are  given  in  the  Fragment  Energy  and  Number  (FEN)  chart,  Figure  2. 
These  calculations  considered  only  the  case  material  for  the 
HE  warhead  - at  the  time  of  these  calculations,  six  months  before 
the  experimental  test,  detailed  information  about  the  missile, 
capsule,  and  shipping  container  had  not  yet  been  collected. 

The  results  are  based  on  the  assumption  that  the  characteristic 
fragment  dimension  for  the  warhead  case  was  LI  = 1.0  cm  with 
a shape  factor  of  S * 0.4  and  that  the  initial  fragment 
velocity  was  ■ 6,000  f c/sec  with  a constant  drag  coefficient 
of  C„  - 1.3. 


Hazardous  fragment  densities  occur  in  the  region  labelled 
'Unacceptable  Hazard  Sone"  in  Figure  2.  In  this  part  of  the 


1511 


graph,  hazardous  fragments  (>  58  ft-lb  energy)  have  an  areal 
density  greater  than  (1/600)  ft2  (1.67  fragments/1000  ft2). 
Figure  2 indicates  that  the  safe  handling  arc  is  somewhat  less 
than  500  ft  for  the  assumed  fragment  model.  The  R = 500  ft 
curve  just  misses  passing  through  the  "Unacceptable  Hazard 
Zone".  These  calculations  were  very  useful  for  determining 
what  specific  tests  to  perform  and  which  test  parameters  had 
to  be  simulated  more  exactly. 

Just  prior  to  the  test,  when  all  the  information  on  the 
missile,  capsule,  and  shipping  container  were  well  in  hand, 
updated  predictions  for  the  safe  handling  arc  were  made.  The 
results,  not  shown  here,  indicated  that  the  safe  handling  arc 
was  somewhat  greater  than  500  ft. 

3 . TOMAHAWK  MODEL 

The  TOMAHAWK  cruise  missile  is  shown  in  boosted  flight 
configuration  in  Figure  3.  Two  full-scale  pseudo-models  of 
the  missile  including  capsule  and  shipping  container  were 
constructed.  These  models  used  the  same  baseline  HE  warhead 
intended  for  the  TOMAHAWK,  but  for  the  rest  of  the  missile 
only  major  dimensions  and  weight  distributions  were  simulated. 
The  missile  models  were  fabricated  with  an  aluminum  alloy 
that  has  material  properties  very  similar  to  the  TOMAHAWK 
missile  skin.  Both  the  capsule  and  the  shipping  container 
models  were  constructed  with  the  same  metal  alloys  surrounding 
the  warhead  section  as  is  proposed  for  the  TOMAHAWK  design. 

All  skin  thicknesses  for  the  missile, capsule,  and  the 
shipping  container  models  were  chosen  to  match  the  proposed 
design  dimensions  for  the  TOMAHAWK. 

Each  of  the  three  container  models  was  painted  a 
separate  color  to  aid  in  identifying  sources  of  recovered 
fragments. 

The  various  elements  of  the  model  are  discussed  briefly 
in  the  next  five  sections  to  provide  details  on  the  scope  of 
the  model  design.  Dimensions  and  weights  cited  are  only 
approximate . 

3 . 1 WARHEAD 


The  warhead  section  used  for  the  TOMAHAWK  model  was  the 
1,000- lb  conventional  fragmentation  warhead  section  of  a 
surplus  air-to-ground  missile.  Some  modifications  were  made 
tc  the  missile  frame  around  the  warhead  section  to  represent 
longitudinal  and  ring  stiffeners  present  in  the  TOMAHAWK 
design. 
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3.2  MISSILE 


The  missile  model  was  fabricated  from  surplus  air-to- 
ground  missile  sections  which  had  material  properties  quite 
similar  to  those  of  the  proposed  aluminum  alloy  for  the  TOMAHAWK 
design.  Each  of  the  missile  model  sections  was  built  to  approximate 
length  and  total  weight  specifications  of  the  TOMAHAWK  design. 

Figure  4 (a).  Exact  center-of-gravity  (C.G.)  locaticns  for 
specific  items  of  internal  equipment  were  not  controlled,  only 
the  total  weight  for  each  missile  section  was  modelled. 

Ballast  material  in  each  of  the  model  sections  was  selected  so 
as  to  be  representative  of  the  type  and  distribution  of  actual 
material  (electronics,  hardware,  fuel,  etc.)  present  in  the 
real  missile.  Some  examples  are  given  below. 

(a)  The  model  guidance  section  contained  surplus  aircraft 
guidance  equipment. 

(b)  The  model  fuel  tank  section  contained  the  proper 
quantity  of  water  as  ballast  to  match  the  weight  of  the  jet 
fuel.  The  water  ballast  was  included  to  determine  how  far 
liquid  would  be  dispersed  by  the  explosion.  Jet  fuel  was  not 
on  board  the  model  because  only  a fuel  fire  would  have  been 
produced  (not  a sympathetic  detonation)  which  would  not  have 
contributed  to  the  fragment  hazard  associated  with  the  warhead 
detonation. 

(c)  The  model  engine  section  contained  a jet  accessory 
pack  which  simulated  the  cruise  engine. 

(d)  The  model  booster  section  contained  the  proper  quantity 
of  sand  to  represent  the  booster  propellant.  An  evaluation  was 
made  of  the  possibility  of  sympathetic  detonation  of  the  booster 
propellant  produced  by  warhead  detonation,  when  the  sensitivity 
data  of  the  propellant  along  with  booster/warhead  geometry  were 
analyzed,  the  conclusion  was  that  sympathetic  detonation  was 
highly  unlikely.  The  warhead  and  the  booster  are  separated  by 

10  feet  of  internal  missile  equipment.  Sand  was  used  to  simulate 
the  booster  propellant  weight  so  as  to  determine  how  far  the 
booster  section  would  be  thrown  relative  to  the  dimensions  of 
the  area  of  water  (which  simulates  jet  fuel)  dispersal.  The 
booster  section  could  be  a potential  late-time  hazard  because 
of  cook-off  in  the  fuel  fire. 

3.3  CAPSULE 


TOMAHAWK  missiles  bound  for  submarine  duty  are  to  be 
encapsulated  in  order  to  mate  with  the  inside  dimension  of 
the  torpedo  tube.  The  capsule  is  constructed  of  stainless  steel 
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and  it  presents  an  added  fragment  source  for  a Navy  TOMAHAWK 
configuration.  For  this  reason,  the  capsule  was  included  in 
the  model  design.  A schematic  of  the  simulated  capsule  is 
given  in  Figure  4(b).  Capsule  sections  in  the  vicinity  of  the 
warhead  section  were  fabricated  with  the  same  stainless  steel 
alloy  (including  heat  treatment)  as  specified  in  the  proposed 
TOMAHAWK  design. 

3.4  SHIPPING  CONTAINER 

There  are  several  proposed  designs  for  the  TOMAHAWK  shipping 
container.  The  design  which  would  represent  the  worst  fragment 
hazard  should  an  accidental  warhead  detonation  occur  was 
simulated  for  these  tests.  An  end-view  diagram  of  the  model 
is  given  in  Figure  5.  Basically  the  model  consisted  of  two 
half-cylinders  31  inches  in  diameter  and  approximately  23 
feet  in  length  with  an  overhead  plate  and  five  support  cradles. 
The  styrofoam  shown  in  the  figure  was  added  to  the  model  to  aid 
in  mounting  the  overhead  plate. 

3.5  TRANSPORTATION  VEHICLE 


A surplus  2-1/2-ton  military  cargo  truck  was  used  to 
represent  a transport  vehicle  for  the  TOMAHAWK  missile.  The 
total  weight  of  the  encapsulated  missile  plus  the  shipping 
container  was  approximately  6,000  lb  which  is  less  than  the 
highway  payload  limit  (10,000  lb)  for  this  type  of  truck. 
However,  the  truck  had  a bed  length  of  12  ft  whereas  the 
shipping  container  model  was  23  ft  in  length  which  produced 
an  11  ft  overhang  that  was  supported  by  steel  I-beams  (see 
Figure  6) . The  warhead  section  of  the  model  was  positioned 
on  the  truck  bed  above  one  of  the  wheel  axles  with  the  truck 
cab  located  forward  of  the  warhead  section. 

The  specific  type  of  truck  used  in  the  test  would,  of 
course,  not  be  used  for  actual  transport  of  a TOMAHAWK  cruise 
missile  because  the  truck  bed  is  far  too  short.  However,  the 
truck  was  adequate  for  the  explosive  test  performed  since 
the  warhead  section  was  completely  contained  on  the  truck  bed 
for  the  test  configuration.  Any  truck  fragment  hazardous  beyond 
500  ft  (from  ground  zero)  would  come  from  a source  in  the 
vicinity  of  the  warhead  section. 

4.  TEST  DESCRIPTION 

The  explosive  tests  were  performed  at  TERA,  New  Mexico 
Institute  of  Mining  and  Technology,  Socorro,  New  Mexico.  The 
West  Valley  Test  Area,  the  site  of  the  test,  is  shown  in  Figure 
7.  The  truck/missile  location  is  shown  at  the  0-ft  radius 
position.  There  were  two  tests,  one  test  with  the  truck  facing 
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side-on  to  the  recovery  area  and  the  other  configuration  where 
the  truck  was  oriented  face-on  towards  the  recovery  area. 

The  warhead  was  detonated  with  a 04  booster  and  a 
primacord  lead;  the  warhead  fuze  was  removed. 

The  camera  coverage  was  somewhat  different  for  the  two 
tests,  but  generally  there  were  seven  high-speed  data  cameras 
and  three  documentary  cameras  to  record  the  event. 

Two  blast  gages  were  located  at  the  300-ft  radius  from 
ground  zero  (about  the  1 psi  overpressure  range)  and  four  rows 
of  Celotex-pack  fragment  catchers,  used  for  measuring  fragment 
impact  velocities,  were  positioned  as  indicated  in  Figure  7. 

The  recovery  area  represented  by  the  grid  network  (which 
defines  the  25  recovery  area  sectors)  given  in  Figure  7,  is 
bounded  by  terrain  contours  indicated  in  the  figure  by  dashed 
lines. 

A witness  sheet,  used  for  measuring  fragment  initial 
velocities,  was  placed  about  57  ft  from  ground  zero. 

5.  FRAGMENT  RECOVERY  AND  TRAJECTORY  CALCULATIONS 
5.1  FRAGMENT  RECOVERY 

Following  the  explosive  event,  a recovery  team  was 
brought  in  to  collect  fragments  located  inside  the  recovery 
area.  The  fragment  data  were  classified  into  three  mass 
ranges : 

(a)  mass  < 6 grams  - The  number  and  the  total  mass  of  all 
fragments  collected  per  recovery  area  sector  were  recorded. 

(b)  6 < mass  < 28  grams  - The  mass  of  the  individual 
fragment  collected  and  the  recovery  area  sector  were  recorded. 

(c)  mass  >28  greens  - The  mass  of  the  individual  fragment 
collected  and  the  location  coordinates  within  the  recovery  area 
were  recorded. 

A mass  and  a range  (relative  to  ground  zero)  were  identified 
with  each  fragment  collected  in  the  recovery  area.  For  fragments 
in  mass  range  (a) , mass  less  than  6 grams,  an  average  mass  value 
was  used.  The  range  associated  with  each  fragment  corresponded 
to  the  radius  from  ground  zero  to  the  nearest  boundary  of  the 
recovery  area  sector;  for  example,  all  fragments  collected  in 
sector  25  (Figure  7)  were  ascribed  a range  of  500  ft. 
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The  fragment  impact  radius  was  equated  to  the  fragment 
range  (where  the  fragment  finally  landed)  which  overestimates 
the  fragment  impact  radius.  Fragments  impact  and  then  bounce 
to  different  locations.  The  assumption  here  is  that  the  flux 
of  the  fragments  bouncing  into  a recovery  area  sector  is  greater 
than  the  flux  of  fragments  bouncing  out  of  the  recovery  area 
sector.  So,  when  only  considering  fragments  collected  within 
a recovery  area  sector,  the  number  of  impacts  per  recovery  area 
sector  is  overestimated. 

The  trajectories  of  fragments  stopped  by  the  vertical 
Celotex  targets  (Figure  7)  were  estimated  and  their  impact 
locations  were  included  in  the  fragment  recovery  area  data. 

5.2  FRAGMENT  TRAJECTORY  CALCULATIONS 


The  impact  energies  of  the  recovered  fragments  were 
determined  by  ballistic  trajectory  calculations.  A particle 
model  (three-degrees-of-freedom*  with  variable  drag  coefficient) 
computer  code  was  used.  Instead  of  computing  the  particular 
trajectory  required  to  place  a fragment  at  its  recovered 
location,  which  would  have  taken  some  iterations  (also  there 
were  many  fragments  collected) , a series  of  ballistic 
trajectories  were  computed  which  were  used  to  represent  the 
fragment  trajectories.  The  series  of  trajectories  (272  separate 
trajectories)  are  outlined  below. 

(a)  Two  fragment  materials  were  considered  - steel  and 
aluminum 

(b)  Eight  fragment  masses  were  selected  for  each  material 
1-6-10-20-28-40-60-100  grams 

(c)  Seventeen  angles  of  elevation  were  chosen  for  each 

mass 

1 - 2.5  - 5 - 10  - 15  - 20  - 25  - 30  - 35  - 40  - 
45  - 50  - 55  - 60  - 70  - 80  - 89  degrees 

Additional  input  conditions  which  were  needed  in  order 
to  make  the  trajectory  calculations  are  fragment  initial 
velocity,  presented  area,  and  drag  coefficient.  These  input 
parameters  are  discussed  below. 

The  intial  velocity  chosen  for  all  fragments  was  8300  ft/sec. 
The  first  fragment  to  strike  the  witness  sheet  at  57  ft  from 

*"No  wind* velocity  components  (for  instance,  cross  winds)  were 
included,  so  actually  the  trajectory  calculations  only  involved 
two-degrees-of- freedom. 
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ground  zero  had  an  average  velocity  of  6200  ft/sec.  To  determine 
the  initial  fragment  velocity,  the  fragment  mass  must  be  known. 

If  the  characteristic  fragment  dimension  (LI  = 1.0  cm  (see 
Figure  2)  discussed  in  Section  2)  for  the  warhead  case  material 
was  chosen  (from  warhead  arena  test  data)  then  approximately 
8300  ft/sec  is  obtained  for  the  initial  fragment  velocity. 

This  value  is  somewhat  below  the  side-spray  fragment  velocity 
obtained  from  arena  tests  for  the  warhead  alone  without  the 
added  mass  of  the  missile,  capsule,  and  shipping  container. 

The  presented  areas  for  the  fragments  were  computed  from 
the  fragment  masses  using  the  fragment  shape  factor  for  the 
warhead  case  material.  For  aluminum  fragments,  originating 
from  the  missile  and  the  shipping  container,  the  shape  factor 
was  derived  from  the  steel  fragment  shape  factor  by  making  a 
correction  for  density. 

The  drag  coefficient  curve  used  was  taken  from  Figure  17 
in  Reference  2.  It  is  the  variable  drag  coefficient  for  a 
rotating  cube  based  roughly  on  the  average  projected  frontal 
area  of  the  cube  when  rotating.  The  drag  curve  is  sketched 
below. 


5 . 3 FRAGMENT  HAZARD  FACTOR 

For  each  fragment  impact  location  out  to  the  maximum  range, 
there  are  two  trajectory  solutions  - the  lev;- angle  trajectory 


Reference  2.  Hoerner,  S.  F. , "Fluid-Dynamic  Drag,"  published 
by  the  author,  1965. 
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and  the  high-angle  trajectory.  The  fragment  impact  energies 
for  each  of  these  trajectories  can  be  quite  different.  For 
example,  a 10-gram  steel  fragment  with  an  8300  ft/sec  initial 
velocity  impacting  at  700  ft  from  a low-angle  trajectory  he~> 
an  energy  of  58  ft-lb  whereas  had  the  fragment  arrived  via  i 
high-angle  trajectory,  the  impact  energy  would  have  been  3 ft-lb. 
Thus,  it  is  very  important  to  determine  the  proportion  of  low- 
angle  trajectory  to  high-angle  trajectory  impacts  in  a given 
recovery  area  sector.  This  was  done  using  computed  trajectory 
results  displayed  in  the  manner  shown  in  Figure  8.  In  the 
figure,  the  impact  range  is  given  as  a function  of  launch  elevation 
angle  for  a specified  mass,  material,  and  initial  velocity. 

From  this  figure,  the  result  is  obtained  that  5%  of  the  10-gram 
steel  fragments  with  an  initial  velocity  of  8300  ft/sec  impact- 
ing between  700-800  ft  arrive  via  low-angle  trajectories.  The 
basic  assumption  here  is  that  the  fragment  mass  source  is 
uniformly  distributed  with  respect  to  angle.  In  the  model 
tested,  this  was  not  the  case.  Because  of  the  presence  of  the 
overhead  plate  on  the  shipping  container  model,  more  of  the 
total  mass  was  available  for  high-angle  fragment  trajectories 
than  was  predicted  when  it  was  assumed  that  the  mass  was  uniformly 
distributed  with  angle.  So  for  the  calculations  presented  here, 
the  proportion  of  fragments  computed  to  have  low-angle 
trajectories  was  overestimated;  that  is,  the  proportion  of 
hazardous  fragments  was  overestimated. 

To  help  with  the  bookkeeping  for  analyzing  the  proportion 
of  hazardous  fragments  to  total  number  of  fragments  in  a 
particular  recovery  area  sector,  a coefficient  termed  the 
fragment  hazard  factor  (F^)  was  defined.  The  definition,  which 
applies  to  a specific  fragment  material  and  mass  (one  of  the 
mass  values  listed  in  Section  5.2)  and  varies  with  recovery 
area  sector*,  is  given  below. 

(a)  If  both  the  low-angle  and  high-angle  trajectories 
produce  hazardous  fragment  impact  energies  (>  58  ft-lb),  then 
F„  = 1. 

(b)  If  neither  the  low-angle  nor  the  high-angle 
trajectories  produce  hazardous  fragment  impact  energies,  then 

FH  " °* 

(c)  If  the  low-angle  trajectory  produces  a hazardous 
fragment  impact  energy  but  the  high-angle  trajectory  does  not, 
then  F„  is  set  equal  to  the  proportion  of  low-angle  to  high- 
angle  trajectories  computed  for  the  particular  recovery  area 
sector. 


*Fh  variation  with  azimuth  is  net  included.  Therefore,  recovery 
area  sectors  23-25  (Figure  7)  all  have  the  same  value  for  FH* 
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i Tables  were  set  up  for  each  fragment  material  (steel  and 

aluminum)  which  provided  the  fragment  hazard  factor  (Fh)  for 
each  fragment  mass  listed  in  Section  5.2  and  for  each  recovery 
area  sector.  Fragment  mass  interpolation  within  the  table  was 
not  made.  For  example,  fragments  with  masses  in  the  range 
6 < fragment  mass  < 10  grams  were  treated  as  10-gram  fragments 
for  determining  FH« 

The  fragment  hazard  factor  was  used  in  the  following 
manner.  If  an  8-gram  steel  fragment  was  collected  from  recovery 
area  sector  23  then  that  fragment  would  be  counted  as  0.05 
hazardous  fragments.  This  follows  from  definition  (c)  above 
and  the  result  given  above  that  5%  of  the  10-gram  steel  fragments 
with  an  initial  velocity  of  8300  ft/sec  impacting  between  700- 
800  ft  (which  bounds  the  range  of  recovery  area  sector  23) 
arrive  via  low-angle  trajectories. 

6.  RECOVERY  AREA  FRAGMENT  DISTRIBUTIONS 

Figures  9 and  10  present  the  total  fragment  and  hazardous 
fragment  distributions  for  both  simulated  TOMAHAWK  explosive 
tests.  Also  included  in  the  figures  is  the  distribution  of 
allowed  hazardous  fragments  per  recovery  area  sector. 

The  total  fragment  distributions  were  obtained  from  the 
recovery  operation.  All  fragments  collected  for  each  test 
are  represented  in  the  figures. 

The  hazardous  fragment  distribution  was  determined  by 
applying  the  appropriate  fragment  hazard  factor  (Fh) , described 
in  Section  5.3,  to  each  collected  fragment  taking  into  account 
the  fragment  material  and  mass,  and  the  specific  recovery  area 
sector. 

The  allowed  hazardous  fragment  distribution  gives  the 
number  of  hazardous  fragments  acceptable  in  each  recovery  area 
sector  such  that  the  hazardous  density  does  not  exceed  (1/600) 
ft*.  This  distribution  was  obtained  by  dividing  the  area  of 
each  recovery  area  sector  by  600  ft2. 

For  the  side-on  TOMAHAWK  test  (see  Figure  9)  the  results 
indicate  that  the  number  of  hazardous  fragments  per  recovery 
are'  sector  does  not  exceed  the  acceptable  number  of  hazardous 
fragments  fox*  any  of  the  recovery  area  sectors  between  500  - 
1,000  ft  range.  Note  that  the  total  number  of  fragments  per 
recovery  area  sector  is  relatively  large,  but  the  greater 
majority  of  these  fragments  have  impact  energies  less  than 
58  ft- lb. 
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For  the  face-on  TOMAHAWK  test  (see  Figure  10)  the  number 
of  hazardous  fragments  per  recovery  area  sector  does  not  exceed 
the  acceptable  number  of  hazardous  fragments  for  any  of  the 
recovery  area  sectors  between  500  - 1,000  ft  range.  In  fact, 
the  number  of  hazardous  fragments  are  quite  small  in  comparison 
with  the  acceptable  number  of  hazardous  fragments  for  all  these 
recovery  area  sectors.  In  addition,  the  total  number  of 
fragments  per  recovery  area  sector  does  not  exceed  the  acceptable 
number  of  hazardous  fragments  for  any  recovery  area  sector 
beyond  the  800  ft  range. 

A comparison  of  the  fragment  distributions  between 
Figures  9 and  10  indicates  that  the  side-on  fragment  spray  from 
the  TOMAHAWK  is  far  more  hazardous  than  the  face-on  spray,  as 
expected.  This  is  in  agreement  with  arena  test  data  for  the 
warhead  (without  the  missile,  capsule,  and  shipping  container 
surround)  which  does  not  inciude  the  shielding  effects  of  the 
guidance  section  of  the  missile  nor  the  presence  of  the  truck 
cab  for  the  face-on  test  configuration. 

7.  CONCLUSIONS 

Tests  were  performed  to  determine  the  safe  handling  arc 
for  the  TOMAHAWK  cruise  missile  (HE  warhead) . The  experimental 
results  agree  quite  well  with  predictions.  Both  the  tests 
and  the  simple  analytical  model  indicated  that  the  safe 
handling  arc  is  approximately  500  ft  for  the  model  configuration 
tested.  The  full-scale  model  included  a 1,000-lb  conventional 
fragmentation  warhead  encased  in  simulated  missile,  capsule, 
and  shipping  container  models  which  was  then  loaded  onto  a 
surplus  military  cargo  truck.  Inclusion  of  the  booster 
propellant  and  the  jet  fuel  in  the  model  was  determined  to 
be  unnecessary. 

The  analytical  model,  the  test  procedures,  and  the  method 
of  data  analysis  described  are  applicable  for  evaluating  the 
safe  handling  arc  for  a wide  spectrum  of  other  ordnance  items 
such  as  HARPOON  and  torpedoes. 
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THE  AREAL  DENSITY  OF  HAZARDOUS  FRAGMENTS*  pH  IS  LESS  THAN 
ONE  PER  600  FT*  AND  THE  BLAST  PRESSURE  IS  LESS  t PSI  BEYOND  THE 
ACCEPTABLE  HAZARD  HANDLING  ARC 

•HAZARDOUS  FRAGMENT:  FRAGMENT  KINETIC  ENERGY  GREATER  THAN 
OR  EQUAL  TO  58  FT- LB. 

FIGURE  \ ACCEPTABLE  HAZARD  HANDLING  ARC 
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AREAL  DENSITY  OF  FRAGMENTS  WITH  ENERGY  E OR  GREATER,  NIU/1000  FT2 


FIGURE  3 TOMAHAWK 


1 


FIGURE  4(b)  TOMAHAWK  CAPSULE  MODEL 


OVERHEAD  PLATE  (0.376  IN) 


SHIPPING  CONTAINER  MODEL  (END  VIEW) 
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NAVY  REQUIREMENTS  FOR  COMBAT  SURVIVABLE 
PROPELLANTS  AND  EXPLOSIVES 

Dr.  J.  T.  Amlie 
Naval  Material  Command 
Washington,  D.C. 

Insensitive  high  explosives  and  propellants  or  IHEP  are  currently 
being  addressed  In  a major  study  of  the  subject  by  Department  of  Energy 
Laboratories  and  the  Department  of  Defense.  There  are  two  primary  tasks 
In  the  study:  the  first  looks  at  what  the  technology  can  provide,  and 
the  second  looks  at  the  effectiveness  of  these  materials.  From  the 
viewpoint  of  Naval  Weapon  Combat  Survivability,  there  are  two  specific 
Interests:  survivability  of  the  weapon  Incorporating  these  materials 
once  launched,  and  survivability  of  the  launch  platforms  In  combat 
should  the  weapons  be  struck.  I should  point  out  here  that  the  word 
weapon  as  used  throughout  the  paper  refers  to  expendable  ordnance. 

A potential  benefit  In  use  of  IHEP  will  be,  for  Navy  combatant  ship 
design  - on  the  flexibility  that  might  be  obtained  In  magazine  and 
weapon  placement,  the  reduction  In  high  strength  protective  material 
requirements,  and  mitigation  of  damage  which  might  result  from  taking  a 
magazine  hit.  For  naval  aircraft,  use  of  IHEP  In  weapons  would  con- 
tribute greatly  to  survivability  of  aircraft  If  we  go  to  conformal 
carriage. 

There  are  many  considerations  regarding  IHEP  of  produclblllty, 
availability  of  raw  materials,  production  availability,  processability, 
effectiveness,  cost,  and  reliability  that  will  not  be  addressed  In  this 
paper. 

The  paper  will  address  the  benefits  that  might  be  afforded  by  IHEP 
In  terms  of  three  aspects  that  relate  to  weapons  combat  survivability: 
performance,  survivability  of  the  weapon  under  attack  In  flight  to  the 
target,  and  survivability  of  the  weapon  on  the  platform  (and  thus  of  the 
platform  and  Its  weapon  function)  when  the  platform  Is  attacked  by 
conventional  weapons. 

Performance  of  weapons  must  not  be  degraded  by  use  of  IHEP  because 
performance  Is  the  primary  requirement  for  weapons.  Weapons  are  designed 
for  kill  power  against  particular  targets,  and  defensive  weapons  are 
part  of  the  Insurance  of  combat  survivability  of  launch  platforms.  With 
the  guidance  accuracy  of  our  weapons  today  and  our  Increasing  knowledge 
of  target  vulnerability,  we  can  better  specify  the  warhead  performance 
needed  to  kill  a given  target.  An  example  of  this  approach  Is  the 
combination  of  a Navy  developed  explosive  and  warhead  design  concepts, 
which  In  the  HA3P00N  Missile  Warhead  obtain  the  desired  combination  of 
performance  and  Insensitivity. 

Insensitivity  of  the  weapon  In  flight  Into  the  target  Is  an  In- 
creasingly Important  feature  of  weapon  performance.  Fragment  attack 
from  enemy  defensive  weapons  should  not  be  able  to  cause  the  rocket 
motors  and  warheads  of  our  weapons  to  detonate  In  flight  to  the  target. 
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The  same  explosive  and  propellant  properties  that  provide  Invulner- 
ability for  weapons  attacking  targets  apply  to  the  larger  problem  of 
weapon  survivability  on  the  launch  platorm.  and  the  survival  of  the 
platform  and  Its  capability  to  perform  assigned  missions.  The  goals  of 
weapon  combat  survivability  given  attack  by  enemy  weapons,  are  to  (1) 
limit  the  damage  to  the  launching  platform  to  the  minimum  possible,  and 
(2)  preserve  the  function  of  as  many  weapons  as  possible. 

Of  continuing  concern  aboard  ship  Is  the  ability  to  deal  with  the 
threat  of  fire,  which  In  peacetime  might  be  characterized  as  a primary 
threat  and  In  combat  as  a secondary  effect  on  conventional  weapon  attack. 

We  have  made  great  strides  with  the  Navy  cook-off  Improvement  program, 
and  a very  difficult  job  has  been  successfully  accomplished  so  that  our 
bombs  and  rockets  now  reach  the  goal  of  surviving  In  t'ie  fast  cook-off 
fire  for  more  than  five  minutes  (Figs.  1 & 2).  This  work  has  been  done 
as  a backflt  program  with  "fixes".  More  significantly  for  the  future, 
we  have  developed  designs  for  rocket  motor  and  warhead  cases  so  that  the 
case  opens  and  the  energetic  material  burns  rather  than  having  the 
possibility  of  transition  to  a detonation  under  confinement.  The  Navy 
has  developed  a series  of  explosives,  the  PBX  explosives,  that  have  been 
shown  to  burn  rather  than  detonate  In  the  fast  cook-off  fuel  fire,  when 
tested  as  a fill  In  bomb  cases.  Results  of  comparative  tests  are  dramatic. 
Figure  3 shows  the  test  setup.  Figure  4 shows  the  test  site  after  a test 
of  bombs  loaded  with  standard  fill  and  Figure  5 shows  the  test  site 
after  a test  of  bombs  loaded  with  P8X-116. 

The  second  desirable  objective  for  shipboard  weapons  In  combat  Is 
for  resistance  to  fragment  attack.  To  assess  this  resistance,  In 
combination  with  other  development  tests,  WR-50  requirements  are  applied 
and  many  munitions  have  In  the  past  been  accepted  on  the  basis  of 
resistance  to  detonation  of  a rocket  motor  (without  the  Igniter),  or  a 
warhead  (without  the  booster)  when  Impacted  by  one  20-MM  AP  round  at 
service  velocity.  One  can  argue  without  conclusion  about  the  threat 
size,  but  I think  It  would  be  prudent  to  consider  the  reality  of  attack 
by  weapons  that  represent  a greater  threat  than  a 20-MM  round,  as  well 
as  the  reality  of  multiple  fragment  attacks. 

There  are  several  thresholds  for  detonation  of  weapons,  given 
fragment  attack.  There  Is  the  low-velocity  Impact  by  massive  rubble,  as 
demonstrated  In  tests  by  Napadensky  at  IITRI,  detonation  by  fragment 
Impact  at  velocities  near  the  ballistic  limit  of  the  case,  and  shock 
Initiation.  This  film  of  tests  by  Sewell  at  the  Naval  Weapons  Center, 

China  Lake,  will  demonstrate  the  effects  of  Impact  by  20-MM  AP  rounds  at 
a velocity  near  the  ballistic  limit  of  the  case,  the  deflagratlon-to- 
detonatlon  transition  (DOT),  and  shock  Initiation  of  detonation,  (NOTE: 
the  difference  In  DOT  and  shock  Initiation  Is  evidenced  by  time  to 
detonation:  a few  milliseconds  for  shock  Initiation,  and  from  hundredaof 
milliseconds  *.o  minutes  for  the  DDT  process.) 


Another  consideration  for  Insensitivity  of  shipboard  weapons  In 
combat  Is  for  survivability  on  Impact.  Weapons  that  operationally  are 
required  to  penetrate  hard  surfaces  usually  Incorporate  front-end  design 
for  shock  attenuation.  However,  side-on  Impact  becomes  Important  In 
ship  magazines  where  high  translational  velocities  can  be  Induced  In 
stowed  munitions  by  blast  and  shock  loadings  from  detonation  of  large 
threat  warheads. Protection  against  side-on  Impulsive  loading  Is  not  a 
design  requirement,  and  the  level  of  response  If  any  would  be  a function 
of  explosive  properties. 

Tests  of  the  Navy  PBX  explosives  Indicate  that  they  will  better 
contend  with  the  side-on  Impulsive  loading  Issue.  The  resistance  to 
detontlon  as  shown  In  the  fast  cook-off  test  correlates  with  Improved 
resistance  to  bullet  Impact  and  target  Impact  properties  as  demonstrated 
In  Figure  6. 

Another  element  of  concern  for  ships  under  attack  by  enemy  weapons 
Is  the  question  of  sympathetic  detonation  of  our  weapons.  Depending  on 
the  enemy  weapon  attack  In  combat,  the  reactions  that  may  occur  In  a 
ship  magazine  may  range  from  Ignition  of  one  or  more  rounds  to  further 
Ignitions,  the  deflagration  to  detonation  transition,  cook-off,  detona- 
tion, or  sympathetic  detonation.  These  events  pose  an  undesirable 
hazard  to  the  ship.  It  Is  not  reasonable  to  expect  to  reach  the  point 
of  complete  Insensitivity  of  munitions,  and  improvements  here  In  combat 
survivability  may  well  be  a mztter  of  degree.  If  the  properties  of 
energetic  materials  are  such  that  we  can  reduce  the  likelihood  and 
severity  at  each  step  In  the  chain  of  events,  we  will  have  made  a 
significant  contribution. 

The  Navy  Is  determining  the  safe  separation  distance  for  various 
weapons  as  one  of  the  tasks  In  Its  NESIP  or  Naval  Explosive  Safety 
Improvement  Program  given  the  design  mode  Initiation  of  one  round,  and 
will  perform  tests  of  the  sympathetic  detonablllty  of  the  new  PBX  series 
of  explosives. 

There  has  been  a natural  tendency  to  emphasize  the  hazard  associ- 
ated with  explosive- filled  warheads.  There  Is  as  much  concern  with  the 
response  of  rocket  motors  to  combat  threats.  While  future  trends  for 
explosives  are  promising, trends  with  solid  propellant  developments  are 
not  comparable  In  all  cases. 

First,  the  so-called  "New  Generation"  solid  propellants  for  appli- 
cation In  air-to-air  guided  missile  rocket  motors.  These  formulations 
produce  minimum  smoke  and  provide  some  Increase  In  performance,  but  have 
been  classified  under  the  old  system  of  classification  as  Class  7.  The 
response  of  a representative  Class  2 propellant  and  of  the  new  genera- 
tion propellants  to  bullet  Impact  Is  shown  In  a film  of  tests  at  the 
Naval  Weapons  Center.  Should  these  new  propel Unts  be  Introduced  aboard 
ship  as  surface-launched  derivatives  of  air-to-air  missiles  or  If  we 
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Figure  1.  Bomb  Cook-Off  Improvement  Program  Status 
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Figure  2.  Cook-Off  Times  for  Rockets  With  and  Without  Thermal  Protection  (T.P. 


FIGURE  3.  COOK -OFF  TEST  SETUP  WITH  FOUR  Mk  81  BOMBS  FROM  ROSEVILLE  INCIDENT  AND  EIGHT 


PBX  SENSITIVITY  TEST  RESULTS 
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ABSTRACT 


In  support  of  the  U.  S.  Army  Plant  Modernization  Program 
and  with  the  guidance  of  the  ARRADCOM,  Manufacturing  Technology 
Division,  SwRI  has  conducted  a number  of  full-scale  tests  to 
determine  the  safe  separation  distances  to  prevent  explosive  propa 
gation.  These  tests  simulated  the  operating  conditions  and 
confining  environments  in  selected  in-plant  procedures  where, 
because  of  production  requirements  or  equipment  constraints,  intra 
lined  distances  bed  to  be  held  to  an  absolute  minimum  consistent 
with  safety  regulations.  In  parallel  with  the  full-scale  tests, 
analytical  techniques  were  used  to  substantiate  the  experimental 
evidence  and  to  indicate  how  these  results  could  be  applied  to 
other  critical  situations  in  new  production  plant  designs. 

The  paper  will  discuss  the  results  of  the  experimental  test 
firings  and  the  methods  to  analytically  predict  safe  separation 
distances  for  the  operations  which  have  been  examined.  Values  of 
minimum  safe  separation  distances  will  be  given  for  ten  in-plant 
processes  as  noted  in  Figure  1. 
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I . INTRODUCTION 


This  paper  describes  a series  of  full-scale  test  evaluations  which 
was  conducted  in  support  of  the  U.S.  Army  Plant  Modernization  Program  and 
the  activities  of  the  Lone  Star,  Kansas,  Iowa,  Milan  and  Indiana  Army 
Ammunition  Plants.  The  tests  were  performed  under  the  guidance  of  the 
Manufacturing  Technology  Division  of  ARRADCOM,  Dover,  New  Jersey,  and 
were  aimed  at  determining  critical  design  criteria  for  plants  currently 
undergoing  either  extensive  modification  or  the  construction  of  totally 
new  manufacturing  plants. 

The  questions  to  be  answered  by  the  test  series  centered  on 
the  determination  of  whether  these  manufacturing  activities  can  be 
controlled  or  limited  such  that  a major  detonation  will  not  propagate 
to  adjacent  activities;  and,  should  a fire  be  ignited  at  any  point  in 
the  process  activities,  can  this  fire  be  controlled  through  either 
limitation  of  the  safe  separation  distance  and/or  application  of  a 
water  deluge  system  to  extinguish  extraneous  fires.  It  was  most 
important  that  a determination  be  made  of  the  hazard  classification 
of  these  activities  and  that  some  prediction  be  made  of  the  extent  of 
damage  should  a detonation  occur,  since  extensive  modification  would 
have  to  be  made  to  the  existing  facilities  and/or  construction  plans 
if  these  operations  remained  a Class  1.1  explosive  operation  as 
opposed  to  the  much  less  hazardous  Class  1.3  operation. 

The  series  of  tests  was  conducted  to  evaluate  specific  processing 
operations  in  which  a detonation  or  fire  could  conceivably  result  in 
major  property  damage  and  even  loss  of  human  life.  The  test  series 
spanned  a broad  spectrum  of  in-plant  activities  ranging  from  the 
determination  of  the  safe  separation  of  tote  bins  carrying  A7  explosive 
from  the  receiving  building  to  the  shell-loading  facility.  In  this 
activity  each  tote  bin  contained  76  kg  of  A7  explosive  which  is 
extremely  vulnerable  to  ignition  by  either  detonation  or  shock.  In 
succeeding  tests,  safe  separation  distances  were  evaluated  for  cardboard 
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boxes  containing  27  kg  of  Cyclotol  explosive  and  for  a similar 
quantity  of  Cyclotol  after  it  has  been  transferred  to  metal  boxes 
and  is  being  transported  on  a pendant  conveyor.  Each  of  the  above 
tests  represented  a severe  explosive  environment  should  a detonation 
occur  in  any  of  these  transport  boxes.  Other  teat's,  of  a less  severe 
nature,  were  conducted  to  determine  the  safe  separation  of  M-l 
propellant  shipping  barrels,  the  pouring  and  transporting  of  the 
BLU  Bomblets  through  the  in-plant  assembly  operations,  the  loading 
of  M-10  propellant  into  81  mm  mortar  increments,  and  the  transport 
of  boxed  igniter  charges  for  loading  into  the  200  ram  (8-in.)  and  155  mm 
propelling  charges. 

As  a safety  measure,  each  of  these  in-plant  activities  is 
normally  conducted  in  buildings  which  are  separated  by  sob-?  t hysical 
separation  distance.  Tb-*'-  distance  is  designed  such  that  a detonation 
or  fire  event  in  one  building  should  not  be  propagated  to  any  adjacent 
building.  This  same  philosophy  is  applied  to  operations  within  any 
single  building.  Each  activity  is  normally  separated  by  a blast  wall 
or  is  conducted  at  a sufficiently  distant  point  such  that  propagation 
should  not  occur  as  a result  of  a single  event.  These  distances, 
however,  must  be  established  for  each  activity  and  in  an  environment 
which  simulates  the  potential  confinement  of  that  specific  operation. 
Each  processing  activity  is,  however,  connected  by  either  a tunnel 
ramp  conveyor  system  between  buildings  or  an  intrabuilding  conveyor 
which  transports  the  inprocess  materials  from  activity  to  the  next. 

It  is  along  these  conveyor  systems  and  tunnel  ramps  that  propagation 
is  most  likely  to  occur.  Also,  in  establishing  these  safe  separation 
distances,  minimum  distances  are  always  of  vital  importance  since 
greater  separations  would  require  more  real  estate,  additional  building 
costs,  and  a slowing  of  the  oroduction  process.  Therefore,  in  making 
the  safe  separation  determinations  the  test  director  is  always  seeking 
means  to  either  dissipate  the  blast  effects  or  lessen  the  fragment 
hazard. 


1567 


The  tests  to  be  described  in  this  paper  resulted  in  several 
suggestions  enabling  the  reduction  of  some  safe  separation  distances. 
Typical  of  these  suggestions  was  the  recommendation  to  use  7075-T6 
aluminum  as  the  tote  bin  material  because  this  alloy  is  brittle,  and  will 
fragment  into  smaller  pieces,  each  of  which  will  have  less  mass  than 
their  steel  counterparts.  The  velocity  of  small  lightweight  fragments 
is  reduced  appreciably  through  air  and  is  , therefore,  of  less 
hazard  to  adjacent  tote  bins  for  manufacturing  operations.  Also,  it 
was  determined  that  a tunnel  ramp  did  indeed  offer  blast  confinement 
which  did  contribute  to  the  focusing  of  fragments  down  the  tunnel 
thus  increasing  minimum  safe  separation  distances.  In  the  case  of 
propellant  transporting  systems, it  was  determined  that  by  controlling 
the  size  of  the  shipping  containers  a transition  from  deflagration 
to  detonation  could  be  prevented;  and,  should  a fire  occur,  that  fire 
could  be  extinguished  by  the  use  of  a water  deluge  system. 

II.  SAFE  SEPARATION-ANALYTICAL  APPROACH 

Two  approaches  are  possible  for  determining  minimum  safe  separation 
distances  for  in-plant  operations  of  an  explosive  material.  The  first 
of  these  is  to  determine  the  safe  separation  distance  through  a purely 
analytical  approach  using  the  relationships  that  have  been  established 
by  many  investigators  over  recent  years.  The  second  and  often  the  only 
totally  acceptable  method  is  through  ths  conduct  of  full-scale  tests 
in  the  simulated  in-plant  environment.  The  analytical  approach  is  most 
valid  under  simplistic  conditions  where  the  evaluation  is  made  of  the 
blast  and  fragment  hazard  generated  by  a single  detonating  charge  in  an 
ope.:  environment.  Manufacturing  operations  are,  however,  always  encum- 
bered by  process  machinery,  each  of  which  is  engulfed  in  a nearby 
explosion  and  contributes  secondary  fragments  to  the  hazard  problem. 

Many  times,  therefore,  it  is  difficult  to  depend  on  a strictly  ar  alytical 
approach  when  the  process  activity  is  confined  by  such  things  as  steel 
roller  conveyors,  operating  machinery,  tunnel  ramp  walls  or  building 
walls,  and  even  more  important  operating  personnel.  To  evaluate  the 
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in-plant  processes  addressed  in  this  paper,  an  analytical  approach  was 
used  to  approximate  the  minimum  safe  separation  distance  and  then  full- 
scale  tests  were  conducted  to  clearly  demonstrate  that  safe  separation 
distances  had  been  established. 

To  determine  the  safe  separation  distance  on  an  analytical 
basis,  one  first  looks  at  the  fireball  and  pure  blast  pressures 
generated  by  the  detonation  of  a quantity  of  high  explosive  in  question. 
For  purposes  of  brevity  in  this  paper,  the  reader  is  simply  referred  to 
Reference  No.  1,  a reference  which  deals  in  detail  wirn  the  behavior  of 
a detonation  front  as  it  expands  through  free  air.  The  air  shock 
generated  by  a quantity  of  high  explosive  falls  off  in  pressure 
exponentially  as  the  standoff  distance  is  increased.  For  reference, 
a blast  pressure  versus  distance  plot  is  given  in  Figure  2,  for  four 
different  weights  of  TNT  at  distances  ranging  from  1.22  to  122  meters 
from  the  point  of  detonation.  From  these  plots  and  others  given  in 
Reference  1,  one  can  estimate  that  the  fireball  emanating  from  an  explo- 
sive blast  will  propagate  not  much  more  than  about  3 meters  and  that 
the  pressure  pulse  is  significantly  reduced  by  separation  distances 
ranging  from  3 to  30  meters.  For  the  most  part,  therefore,  it  is 
possible  to  rule  out  the  propagation  of  a detonation  from  a donor  charge 
to  an  acceptor  charge  as  being  due  to  fewer  impulsive  loading  or  to 
adiabatic  heating.  Attention  is  therefore  directed  more  to  establishing 
a methodology  for  determining  the  safe  separation  distance  in  a fragment 
environment,  fragments  which  are  generated  either  from  the  shell  casing 
or  secondary  fragments  picked  up  from  the  adjacent  environment.  This 
methodology  has  be^n  established  and  is  presented  in  Figures  3a  through 
3c  and  is  based  upon  the  relationships  which  were  established  in 
References  2 through  5.  The  methodology  consists  of  determining  the 
size  and  velocity  of  a typical  fragment  through  the  use  of  the  Gurney 
equations  and  then  estimating  the  vulnerability  of  an  adjacent  acceptor 
charge  to  a fragment  of  this  predicted  mass  and  velocity.  The  methodol- 
ogy then  proceeds  through  a process  whereby  the  thickness  of  a shield 
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FLOW  DIAGRAM  FOR  DETERMINING  SAFE 
SEPARATION  DISTANCE  OK  CASED  CHARGES 


riGURE  3» 
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Equate  Vg  to  for  striking  velocity 
Use  Vs  * VG  exp(-lA)/ml/3)  and  solve 
for  d: 


d is  the  safe  separation  distance 

I 

Determine  test  results  for 
separation  distance. 

I 

Calculate  impact  energy  (KE) 
from  1/2MV2  using  V = Vb 

~~~E 

Calculate  thickness  of  a shield 
constructed  from  mild  homogeneous 
steel  necessary  to  just  prevent 
the  fragment  from  passing  through 
it  using  THOR  equation 
Vr  = Vs  - IOC  ea  MsS(sec  Q)V  v s* 
where,  for  compact  shape  frags, 

C - 4.520 
a “ 0. 889 
8 = -0.352 

Y - 1.262 
A - 0.019 

and,  for  non-compact  frags, 

Vr  * Vs  -106(eA)a  MsB(  sec  0)-v  vs^ 

where  c » 6.399 
a - 0. 889 
8 - -0.945 
Y - 1.262 
A - 0.019 

Vr  * residual  velocity(set 
equal  to  0) 

e * shield  or  target  thickness 
0 - angle  between  trajectory  of 

frag  and  the  normal  to  the 
target 


FICURK  3b 
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can  be  determined  to  prevent  propagation  to  an  adjacent  acceptor 
charge.  This  "shield"  could,  of  course,  be  the  adjacent  shell  casing 
or  the  transport  container  for  the  high  explosive. 

To  determine  the  effects  of  confinement  on  the  propagation  of 
blast  and  fragments  from  a detonating  explosive  charge,  a different 
procedure  was  followed  which  is  described  in  detail  in  References  6 and 
7.  That  procedure  will  not  be  presented  in  this  paper,  however,  it 
was  demonstrated  that  the  shock  front  moving  away  from  a detonating 
charge  could  be  reflected  from  the  walls  of  any  nearby  conf ineaent 
(i.e.,  tunnel  ramp)  and  that  this  shock  front  could  act  to  focus 
fragments  in  a preferred  direction  along  a process  line. 

In  closing,  these  procedures  pekmit  the  estimation  of  safe 
separation  distances  and  establish  guidelines  for  the  conduct  of 
full-scale  safe  separation  tests.  The  analytical  determination  of 
the  approximate  safe  separation  distance  is  also  of  importance  in 
minimizing  the  required  number  of  expensive  full-scale  test  firings 
required  to  demonstrate  the  safe  separation  distance  to  the  satisfaction 
of  the  plant  designer. 

III.  SAFE  SEPARATION  - TESTS  AND  TEST  RESULTS 

For  purposes  of  brevity  in  this  presentation,  let  us  consider 
two  basic  problems  and  view  typical  test  set-ups.  The  first  of  these 
generic  problems  is  the  establishment  of  safe  separation  distances 
between  explosive  materials  as  they  are  being  transported  through  a 
tunnel  ramp  between  buildings  which  separate  the  process  activities. 

In  Figure  4,  a side  view  is  given  of  a typical  15  m long  segment  of 
a conveyor  system  passing  through  a tunnel  ramp.  These  tunnels  are 
normally  constructed  only  for  weather  protection  and  are  deliberately 
made  of  lightweight  (frangible)  construction.  The  ramp  shown  in 
Figure  4 is  constructed  atop  a concrete  slab  and  is  fabricated  of 
3.3  cm  angle  iron  frames  overlaid  with  aluminum  siding.  Another 
ramp  configuration  seen  in  Figure  5 is  a reinforced  structure  fabricated  of 


FIGURE  4.  SIDE  VIEW  OF  15  m TUNNEL 


FIGURE  5.  VIEW  OF  120  a REINFORCED  TUNNEL 


7*6  cm  angle  Iron,  Transits  siding  and  riveted  fiberglass  panels, 
and  staked  into  the  ground  to  a Insulate  confining  support.  This 
structure  Is  more  typical  of  that  used  in  the  more  severe  weather 
climates  and,  for  our  tests,  was  used  for  the  evaluation  of  safe 
separation  distances  between  tote  bins  conveying  76  kg  of  A- 7 explo- 
sive. This  tote  bin  resting  on  a steel  roller  conveyor  can  be  seen  in 
Figure  6 and  the  acceptor  tote  bin  placed  39  a down  the  tunnel  from 
the  acceptor  is  seen  in  Figure  7.  The  acceptor  tote  bin  shown  here 
is  surrounded  with  wallboard  witness  aaterial  which  was  used  to  aeasure 
fragment  slse  distribution  and  velocity  should  any  fragments  arrive  at 
the  far  end  of  the  tunnel.  In  Figure  8,  the  aftermath  of  the  test  shot 
is  seen  wherein  the  donor  tote  bin  has  been  detonated  and  caused 
complete  destruction  of  the  mid  section  of  the  120  m long  tunnel,  yet 
the  far  end  of  the  tunnel  and  the  acceptor  tote  bin  is  seen  not  to 
have  been  detonated  by  the  blast  and  fragments  generated  from  the 
detonation  of  the  acceptor. 

In  a series  of  tests,  it  was  determined  that  a stainless  steel  box 
tote  bin  would  generate  sufficiently  large  fragments  having  a velocity  which 
would  cause  propagation  to  the  acceptor  tote  bins.  When  the  tote  bln 
material  was  changed  to  7075-T6  aluminum,  it  was  possible  to  reduce  the 
minimum  safe  separation  distance  to  39.6  m,  s value  which  was  consistent 
with  the  plant  design  established  at  both  the  Holston  and  Lone  Star 
Plants.  In  a series  of  SO  confirmatory  tests  (25  shots), this  safe 
separation  distance  was  verified. 

Continuing  the  discussion  of  the  establishment  of  safe  separation 
distances  within  a tunnel  ramp  conveyor  system,  the  next  series  of 
tests  examined  the  conveyance  of  boxed  Cyclotol,  each  box  containing  27 
kg  of  70/30  Cyclotol.  Thuse  tests  were  conducted  for  the  cases  wherein 
the  boxed  Cyclotol  was  contained  in  the  cardboard  receiving  boxes,  and 
for  the  case  wherein  the  Cyclotol  has  been  unpacked  and  transferred  to 
metal  boxes  which  are  then  conveyed  on  a pendant  (overhead)  conveyor. 

The  cardboard  boxed  Cyclotol  is  shown  in  Figure  9 spaced  at  a distance 
of  3,7  m between  containers  and  operating  along  a steel  roller  conveyor 


FIGURE  6.  76  kg  OF  COMPOSITION  A- 7 IN  TOTE  BIN  ON 

ROLLER  CONVEYOR 


FIGURE  8.  VIEW  OF  TUNNEL  DAMAGE  AFTER  SHOCK  NOTE 
ACCEPTOR  TOTE  BIN  SURVIVED  BLAST 


FIGURE  9.  SAFE  SEPARATION  TESTS  OF  CARDBOARD  BOXED 
CYCEOTOL  IN  TUNNEL  CONFINEMENT 
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inside  a lightweight  tunnel.  Upon  detonation  of  the  donor  charge, 
propagation  did  not  occur  to  either  of  the  acceptors,  although  in 
some  instances  f vere  damage  was  felt  by  the  acceptor  box.  A typical 
acceptor  box  at.ur  detonation  is  shown  in  Figure  10. 

It  was  of  particular  importance  at  the  Milan  AAP  and  Kansas  AAP 
that  this  same  3.7  m separation  distance  could  be  maintained  after 
the  Cyclotol  was  transferred  to  a metal  box  and  conveyed  on  a pendant 
conveyor.  In  a series  of  tests  using  steel  boxes,  6061-T6  aluminum 
and  7075-T6  aluminum,  it  was  clearly  demonstrated  that  both  steel  and 
6061-T6  boxes  would  produce  massive  high  velocity  fragments  and  a 
safe  separation  distance  in  excess  of  10  m would  be  necessary.  When 
the  tote  bin  material  was  changed  to  the  more  brittle  7075-T6  aluminum, 
the  fragment  problem  was  significantly  reduced  and  the  safe  separation 
distance  could  be  reduced  to  3.7  m without  propagation  as  shown  in 
Figures  11  and  12.  This  safe  separation  distance  was  also  verified 
through  a series  of  confirmatory  tests. 

In  support  of  the  igniter  bag  loading  operation  at  the  Indiana 
Army  Ammunition  Plant,  a series  of  tests  was  conducted  to  determine  the 
minimum  safe  separation  of  large  fiber  drums  each  containing  68  kg  of 
M-l  propellant.  Tnese  drums  moving  along  a steel  roller  conveyor  inside 
a tunnel  ramp  configuration  as  seen  simulated  in  Figure  13.  Prior  tests 
had  demonstrated  that  this  quantity  of  M-l  propellant  contained  in  the 
fiber  barrels  would  not  transcend  into  a high  order  detonation  should 
a fire  be  Ignited  within  the  barrel;  hence,  the  problem  was  one  of  fire 
propagation  and  not  of  high  order  explosive  propagation.  Nonetheless, 
it  was  of  extreme  importance  to  determine  a minimum  safe  separation  to 
prevent  this  fire  propagation, which  is  seen  in  Figure  14, to  liave  propa- 
gated to  each  of  the  acceptor  drums.  Through  the  conduct  of  a number 
of  full-scale  test  firings, the  minimum  safe  separation  to  prevent  fire 
propagation  was  established  at  4.6  m and  it  was  further  demonstrated 
that  the  fire  would  cause  only  minimum  damage  to  the  conveyor  system 
and  tunnel  walls.  For  those  tests,  however,  the  inside  of  the  tunnel 
was  lined  with  15.8  tm  gypsum  board  to  shield  the  metal  walls  from  the 
excessive  heat. 
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FIGURE  11.  7075-T6  ALUMINUM  BOXED  CYCLOTOL  ON  SIMULATED 
PENDANT  CONVEYOR 


FIGURE  13.  M-l  PROPELLANT  IN  68  kg  FIBER  DRUMS  ON  SIMULATED  CONVEYOR 


FIGURE  14.  REMAINS  OF  M-l  DRUMS  AFTER  TEST 

Note  that  both  Acceptor  Drums  burned  and 
that  tunnel  was  not  damaged. 


In  support  of  the  Milan  AAP  and  Kansas  AAP,  the  next 
series  of  tests  concentrated  on  the  establishment  of  safe  separation 
distances  during  the  process  operation  for  the  manufacture  on  the  BLU 
Borablets.  In  Figure  15  three  complete  BLU  Bomblets  are  shown  resting 
on  a canvas  conveyor  system,  the  center  bomblet  is  primed  with  C-4 
explosive  and  an  electric  blasting  cap  prior  to  test  firing.  A safe 
separation  for  these  bomblets  was  established  at  25  mm,  a distance 
which  could  easily  be  accommodated  with  the  use  of  a Serpentex 
compartmented  conveyor  as  opposed  to  the  smooth  canvas  conveyor 
currently  being  used.  This  view  of  the  complete  BLU  Bomblets  repre- 
sents the  termination  of  the  fabrication  process,  however,  several 
other  steps  in  their  manufacture  were  also  investigated.  In  Figure 
16  the  BLU  hemispheres  are  seen  on  a simulated  canvas  conveyor  and 
in  Figure  17  those  same  hemispheres  are  seen  af-er  they  have  been 
placed  in  the  holding  fixture  prior  to  final  machining.  In  the  final 
slide  of  this  series.  Figure  18,  we  see  one  of  the  acceptor  BLU  Bomblets 
after  the  test.  Note  that  this  bomblet  has  been  completely  perforated 
by  a fragment  yet  detonation  did  not  occur.  The  safe  separation  distances 
which  were  established  for  this  test  series  were  as  follows:  for 
the  complete  BLU  Bomblet,  25  mm;  for  the  BLU  hemispheres  loose  on  the 
canvas  conveyor,  12  mm;  and  for  the  BLU  hemispheres  held  in  a test 
fixture,  the  fixtures  can  be  touching  one  another  without  risk  of 
propagation. 

During  the  investigation  of  the  safe  separation  distances  involved 
in  the  BLU  Bomblet  manufacturing  processes,  the  safe  separation 
distances  of  the  melt-pour  trays  were  also  studied.  These  melt-pour 
trays  are  an  egg  crate  type  configuration,  each  tray  containing  16 
bomblets  with  a high  explosive  riser  in  the  amount  of  either  2 kg  or 
3,4  kg  of  Cyclotol.  Each  of  these  riser  heights  was  investigated 
and  it  was  found  for  the  3,4  kg  riser  case, a safe  separation  distance 
of  .1.5  ra  was  necessary  whereas  with  only  a 2 kg  riser,  the  pouring 
trays  could  be  touching  one  another  without  propagation.  An  acceptor 
pouring  tray  after  the  test  is  seen  in  Figure  19. 
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FIGURE 


SAFE  SEPARATION  TESTS  OF  BLU  HEMISPHERES  IN  HOLDING  FIXTURE 


FIGURE  18.  DAMAGED,  BUT  NOT  DETONATED 


BLU  EOMBLET  POURING 


In  the  next  series  of  safe  separation  tests,  the  various  processes 
involving  M-10  propellant  loading  into  the  81  mm  mortar  increments  were 
studied.  These  processes  ranged  from  the  arrival  of  the  shipping  drums 
of  M-1C  propellant  at  the  assembly  site  through  their  unloading  into 
hoppers  and  finally,  to  the  loading  and  processing  of  the  81  ran  incre- 
ments themselves.  The  first  of  these  processes  is  seen  in  Figure  20, 
wherein  a safe  separation  distance  for  the  M-l  cardboard  shipping  drums, 
each  containing  2.3  kg  of  propellant,  were  evaluated.  Since  the  M-10 
propellant  burns  very  rapidly,  a fire  in  the  donor  drum  quickly  consumes 
the  propellant  and  with  such  speed  that  even  the  cardboard  drum  is  not 
burned  in  the  process.  Consequently,  the  acceptor  drums  are  safe  even 
when  they  are  touching  the  donor  drum.  In  Figure  21  a processing 
hopper  is  seen  in  the  test  fixture  used  for  a series  of  tests  to  deter- 
mine the  critical  height  of  M-10  as  it  is  offloaded  into  these  processing 
hoppers.  In  a series  of  tests  using  hoppers  as  shown  in  this  figure 
and  also  with  hoppers  that  were  fitted  with  a 3 m extension  stack,  a 
critical  height  of  M-10  propellant  was  established  at  31.8  cm.  Beyond 
this  height  a fire  in  the  M-10  propellant  would  transcend  into  a high 
order  detonation  and  totally  destroy  the  hopper.  Two  levels  of  damage 
are  seen  in  Figure  22.  The  hopper  on  the  left  in  this  view  contained 
IS  cm  of  propellant  and  the  damage  to  the  base  of  the  hopper  can  be 
clearly  seen.  After  the  M-10  is  loaded  into  the  81  mm  mortar  Increments, 
these  increments  are  transported  along  the  conveyor  line  while  held  in 
a metal  fixture.  These  fixtures  can  be  seen  in  Figure  23.  In  this 
view,  the  donor  Increment  has  been  burned  without  propagation  to  either 
acceptor  increments  placed  on  either  side.  It  was  determined  in  this 
series  of  tests  that  a minimum  safe  separation  distance  of  25.4  cm  was 
necessary  when  a simple  barrier  was  not  placed  between  each  of  the 
holding  fixtures.  When  a simple  plywood  barrier,  only  10  cm  in  height, 
was  placed  between  the  fixtures,  this  safe  separation  distance  can  be 
reduced  to  7.6  cm.  This  minimum  safe  separation  distance  was  critical 
at  the  manufacturing  facility  in  order  to  maintain  the  required  pro- 
duction rates  for  this  item. 
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FIGURE  23.  81  mm  MORTAR  INCREMENTS  IN  HOLDING  FIXTURES.  Note  that 

Donor  increment  has  burned  without  damage  to  Acceptors. 
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In  the  last  of  the  test  series  to  be  briefly  described  in  this 
paper,  was  the  processing  of  base  igniter  pads  for  eventual  loading  into 
the  1SS  no  or  200  nm(8-in.)  Howitzer  propelling  charges.  These  igniter 
charges  cone  in  several  varieties,  the  details  of  which  will  be 
passed  over  in  the  interests  of  brevity;  however,  each  is  loaded  with 
nominally  140  grams  of  black  powder  placed  in  the  base  of  a cotton 
sack.  This  cotton  sack  is  then  ultimately  filled  with  M-l  propellant. 
Typical  center  core  igniters  are  seen  in  Figure  24  and  the  task  was  to 
establish  safe  separation  distances  for  plastic  boxes  containing  these 
Igniter  pads.  These  plastic  boxes  containing  the  igniter  pads  pass 
along  steel  roller  conveyors  as  seen  in  Figure  25.  It  was  determined 
through  a series  of  tests  that  boxes  containing  either  the  clack 
powder  base  igniters  or  the  center  core  igniters  could  be  touching  one 
another  without  fear  of  propagation.  For  the  case  of  the  Igniters 
containing  the  clean  burning  igniter  (so-called  CBI)  a safe  separation 
distance  of  0.3  m was  necessary.  In  all  three  cases,  it  was  also 
determined  that  due  to  gas  generation  upon  ignition  in  any  individual 
box,  the  burning  bags  would  be  ejected  out  of  the  box  and  strewn  around 
the  surrounding  area.  Should  one  of  thesa  burning  bags  fall  on  the  lid 
of  an  adjacent  box,  it  could  eventually  burn  through  the  lid  thus 
causing  propagation.  To  eliminate  this  problem  it  was  suggested  that 
a water  deluge  system  be  used  to  extinguish  these  extraneous  fires, 
and  as  seen  in  Figure  25,  a single  line  overhead  deluge  system  was 
designed  to  effectively  combat  these  fires  as  they  occurred. 

IV.  CONCLUSIONS 

For  purposes  of  brevity  in  this  paper,  a summary  of  the  safe 
separation  and  critical  height  test  results  of  each  of  the  ten  test 
series  is  summarized  in  Figure  26.  As  has  been  noted  in  the  foregoing 
discussions,  each  of  these  test  results  and  the  safe  separation  distances 
which  were  established  has  been  Incorporated  into  the  rapidly  developing 
U.S.  Army  Modernization  Program.  In  many  instances,  particularly  in 
the  establishment  of  a 39  m standoff  for  the  A7  tote  bins,  the  established 
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FIGURE  24.  25  CENTER  CORE  IGNITERS  IN  PLASTIC  TOTE 
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FIGURE  26 


Summary  of  Safe  Separation  and  Critical  Height  Test  Results 


Item 

Safe  Separation 

Critical  Hgt. 

1 

76  kg  of  A-7  in  A1  Bin 

39.0  m 

NA 

2 

27  kg  Cardboard  Boxes  of 
Cyclotol 

3.7  m 

3 

27  kg  A1  Boxes  of  Cyclotol 

3.7  m 

4 

M-l  Pro  'illant  in  68  kg  Drums 

4.6* 

NA 

5 

BLU  Bomblet 

BLU  Hemisphere 

BLU  Hemisphere  in  Fixture 

2.5  cm 

1.2  cm 
Touching 

6 

BLU  Pouring  Trays 

Touching 

7 

2.3  kg  of  M-10  in 

Cardboard  Drums 

Touching* 

NA 

8 

Critical  Hgt.  of  M-10  in 

Hoppers  with  3 m Stack 

NA 

31.8  cm 

9 

81  mm  Increments  on  Fixtures 

7.6  cm  w/barrier 

25.4  cm  w/o  barrier 

NA 

10 

Black  Powder  Base 

Igniters  in  Plastic  Boxes 

Touching* 

NA 

CBI  Base  Igniters  in 

Plastic  Box 

0.3  m* 

NA 

Center  Core  Igniters  in 

Plastic  Boxes 

Touching* 

NA 

*Water  deluge  recommended  to  extinguish  extraneous  fires 
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distances  negated  the  need  for  additional  real  estate  or  for  extensive 
plant  modifications.  Similarly,  the  established  3.7  m standoff  for 
cardboard  boxes  of  Cyclotol  and  a similar  standoff  for  the  aluminum 
boxed  Cyclotol  allowed  the  Milan  AAP  to  use  existing  facilities 
without  further  modification.  The  recommended  safe  separation  distances 
for  the  various  BLU  Bomblet  assembly  operations  also  resulted  in 
significant  savings  at  the  Milan  and  Kansas  AAP's.  These  safe  separa- 
tion distances,  particularly  in  the  case  of  the  pouring  trays  using  a 
2.0  kg  riser,  enabled  the  loading  plant  to  operate  with  the  currently 
existing  conveying  facilities  and  with  the  currently  in-use  pouring 
trays. 

Finally,  the  determination  that  the  plastic  boxes  transporting 
the  base  igniters  for  the  155  mm  and  200  mm  (8-in.)  Howitzers  could  be  touching 
one  another  without  propagation  was  a significant  result  for  the 
Indiana  AAP.  The  determination  that  a simply  installed  water  deluge 
system  could  control  and  extinguish  extraneous  fires  was  a recommenda- 
tion that  could  easily  be  incorporated  into  the  plant  at  minimal  cost 
and  would  permit  the  plant  to  maintain  the  production  capacity  required. 
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ABSTRACT 


To  determine  the  Quantity-Distance  restrictions  associated  with 
the  storage  of  complete  round  pallets  of  155mm  ammunition  requires  that 
the  potential  contribution  of  the  propellant  to  blast  overpressures  be 
known  or  estimated  if  the  projectiles  detonate  en  masse. 

This  paper  presents  the  results  of  tests  that  were  conducted  to 
compare  pressure  profiles  generated  when  the  HE  projectiles  on  a com- 
plete round  pallet  detonate  en  masse.  The  pallets  were  designed  to 
transport  and  store  sixteen  155mm  HE  projectiles,  propelling  charges, 
and  fuzes.  One,  four,  and  eight  pallet  arrays  were  tested  using  live 
ard  inert  propelling  charges. 


INTRODUCTION 

The  Ballistic  Research  Laboratory  (BRL)  in  support  of  DEA-A-74- 
TN-1182  with  the  Dutch  Government  conducted  a series  of  tests  to  evalu- 
ate the  storage  hazards  associated  with  the  use  of  a complete  round 
pallet  designed  to  transport  and  store  sixteen  rounds  (HE  projectiles) , 
propelling  charges,  primers  and  fuzes)  of  155mm  ammunition.  This  effort 
was  funded  by  the  Joint  Technical  Coordinating  Group  For  Munitions 
Effectiveness  (JTCG/IC) . Tests  were  conducted  by  the  TERA  Group  at  the 
New  Mexico  Institute  of  Mining  and  Technology. 

A.  Objectives 
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The  objectives  of  this  effort  were  to  (1)  determine  the  contri- 
bution of  the  propelling  charges  to  blast  overpressures  when  the  HE 
projectiles  on  the  complete  round  pallet  detonate  en  masse,  and  (2)  ex- 
pand the  data  base  that  can  be  used  to  resolve  similar  problems  analy- 
tically. To  determine  the  contribution  of  the  propelling  charges  to 
blast  overpressures  experimentally,  field  tests  were  conducted  wherein 
selected  HE  projectiles  on  one,  four,  and  eight  pallet  arrays  (with  and 
without  propelling  charges)  were  statically  detonated.  Air  blast  para- 
meters measured  at  selected  distances  from  the  pallet  (s)  were  then 
used  to  estimate  the  TNT  weight  equivalency  of  each  test. 

B.  Background 

The  time  required  to  issue  ammunition  to  artillery  units  at  for- 
ward area  supply  points  can  be  critical  in  the  event  of  a combat  emer- 
gency. One  means  of  reducing  the  issue  time  is  to  incorporate  into  the 
logistic  system  complete  round  palletization  of  separate- loading  artil- 
lery anminition  (projectiles,  propelling  charges,  primers  and  fuzes). 

Unfortunately,  storing  the  HE  projectiles  (Hazard  Division  1.1) 
and  the  propelling  charges  (Hazard  Division  1.2)  in  the  same  magazine 
could  result  in  an  increase  in  the  number  of  magazines  required  to 
store  a given  number  of  rounds.  This  is  a consequence  of  mixed  Hazard 
Division  storage  regulations1  which  require  that  the  explosive  filler 
weight  and  the  propellant  weight  be  combined  and  the  total  weight  be 
considered  as  Hazard  Division  1.1  in  determining  Quantity-Distance  re- 
strictions at  a storrge  site. 

The  Quantity-Distance  restrictions  define  the  minimum  permissable 
distance  between  a potential  explosion  site  containing  a given  quantity 
of  explosives  and  inhabited  buildings,  public  traffic  routes,  etc. 

When  the  total  explosive  weight  at  a storage  site  is  known  and  all 
the  explosives  detonate  en  masse,  then  the  air  blast  parameters  (peak 
overpressure,  impulse  and  duration  of  the  shock  wave)  at  kngwn  distances 
from  the  site  can  be  calculated  using  standard  techniques2’ that  have 
been  in  use  for  many  years.  Conversely,  measured  air  blast  parameters 
at  selected  distances  from  a detonation  can  be  used  to  estimate  the 
total  explosive  weight. 

Hfanual  on  NATO  Safety  Principles  for  the  Storage  of  Ammunition  and  Ex- 
plosives, 1977. 

2 

C.N.  Kingery,  "Air  Blast  Parameters  Versus  Distance  for  Hemispherical 
TNT  Surface  Bursts",  Ballistics  Research  Laboratory  Report  No.  1344, 
September  1966  (AD8 11673) 

^.J.  Goodman,  "Compiled  Free-Air  Blast  Dataon  Bare  Spherical  Pentolite", 
Ballistic  Research  Laboratories  Report  No.  1092,  February  1960  (AD235278) 
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SCOPE  OF  STUDY  AND  TEST  PROCEDURES 


A total  of  eight  pallet  tests  and  five  calibration  tests  were  con- 
ducted in  support  of  this  effort.  The  overpressure  versus  tine  history 
of  the  shock  wave  was  recorded  at  twelve  distances  for  each  test. 

A.  Description  of  Pallets 

In  practice  the  sixteen  complete  rounds  will  be  secured  to  a 
special  pallet,  see  Figure  1.  For  test  purposes  the  pallets  were 
omitted  in  the  one  and  four  pallet  simulation  tests.  However,  pallets 
were  used  in  the  eight  pallet  tests  where  the  pallets  were  stacked  two 
high,  see  Figure  2.  In  the  one  and  four  pallet  tests,  see  Figure  3 
and  4,  the  projectiles  and  propelling  charge  cans  were  placed  on  a 
large  steel  plate  and  arranged  so  that  geometric  relationship  between 
them  was  the  same  as  if  they  were  palletized. 

All  tests  were  conducted  using  M107  HE  (15.4  lbs.  Comp  B)  pro- 
jectiles and  propelling  charge  cans  containing  either  four  M4A1  (13.4 
lbs.  Ml)  propelling  charges  or  an  equal  volume  of  inert  propellant. 
Fuzes  and  primers  were  not  required  to  satisfy  the  test  objectives  and 
were, omitted. 

Selected  projectiles  on  each  pallet  were  primed  by  filling  their 
fuze  wells  with  composition  C-4  and  inserting  the  knotted  end  of  a 
length  of  Primacord.  All  Primacord  leads  were  of  equal  length  and  were 
tied  together  at  a junction  point  as  shown  in  Figures  2 and  3.  The 
junction  point  was  connected,  by  a long  length  of  Primacord,  to  a 
remotely  located  mechanical  - electrical  safety  block. 


In  the  first  single  pallet  test  only  one  projectile  was  statically 
\ detonated.  In  the  remaining  tests  a multiple  point  initiation  scheme 

was  employed  by  detonating  one  projectile  in  each  vertical  and  horizon- 
tal row.  The  multiple  point  scheme  was  used  to  minimize  directional 
I effects. 


B.  Test  Set-Up 

TVo  test  sites  were  used.  At  each  site  the  air  blast  parameters 
were  recorded  at  twelve  stations  as  shown  in  Figure  5.  At  test  location 
"A"  the  distance  from  ground  zero  to  the  stations  were  kept  constant 
while  the  pallet  parameters  were  varied.  At  location  ”B"  the  distance 
from  ground  zero  to  the  stations  was  varied  from  test  to  test  in  an 
attempt  to  monitor  similar  pressures  as  a function  of  distance  and 
total  explosive  and  propellant  weight  for  each  array. 


C.  Instrumentation 


The  KSP  Industries  Model  PT-309-2  pressure  transducer  was  used  in 
all  tests.  It  contains  a piezoelectric  sensing  element  which  has  a 
nominal  charge  sensitivity  of  610  pico- coulombs  per  psi,  and  a natural 
frequency  greater  than  120  KHz. 

The  signals  were  amplified  and  recorded  on  a Consolidated  Elec- 
trodynamics Corporation  Model  3300  magnetic  tape  recorder.  The  system 
provided  a data  bandpass  of  from  near  zero  to  20  KHz. 

The  tapes  containing  the  analog  data  recordings  were  digitized 
at  a sampling  rate  of  100  KHz  (real  time)  in  preparation  for  computer 
processing  which  yielded  values  of  peak  overpressure,  arrival  times, 
duration  and  impulse. 


To  minimize  ground  shock  effects,  the  pressure  transducers  were 
flush  mounted,  via  a Teflon  collar,  to  aluminum  blocks.  The  aluminum 
blocks  were  then  positioned  in  the  ground,  at  selected  distances,  and 
insulated  from  the  hard  rock-filled  terrain  by  several  inches  of  sand. 


RESULTS  AND  OBSERVATIONS 


The  air  blast  parameters  recorded  at  each  station  were  used  to 
estimate  a TNT  equivalent  weight  factor  (EWF)  for  each  test  configu- 
ration. The  final  data  form  is  a ratio  of  the  EWF  of  pallets  with 
live  propelling  charges  to  the  EWF  of  pallets  with  inert  propelling 
charges. 

A.  Air  Blast  Parameters 


The  peak  overpressure  (PB) , arrival  time  (ta) , positive  duration 
(tt)  and  positive  pressure  impulse  (I)  histories  of  an  explosive  event 
can  all  be  used  to  estimate  an  EWF.  However,  in  this  series  of  tests 
only  the  peak  overpressure  and  arrival  time  data  were  used.  Only  mean 
values  of  EWF  are  presented  in  this  paper.  Detailed  results  of  all 
tests  will  be  presented  in  a formal  BRL  report  to  be  published  at  a 
later  date. 

The  EWF  in  this  effort  is  defined  as  the  weight  of  a hemispheri- 
cal TNT  charge,  detonated  on  the  surface  of  the  earth,  required  to  pro- 
duce the  same  air  blast  parameters  that  were  observed  for  each  pallet 
(s)  configuration. 


1609 


1.  Peak  Overpressure.  The  pressure  versus  time  histories  for 
each  test  were  plotted  and  examined  for  quality.  Approximately  15% 
of  the  records  were  of  poor  quality  and  rejected  due  to  ground  shock 
effects  and  fragment/debris  impacts  on  the  aluminum  blocks  housing  the 
transducers.  The  remaining  pressure  time  histories  were  used  to  deter- 
mine the  peak  overpressure  at  each  station  and  generate  EWF's  using  the 
cube  root  scaling  laws  and  the  "Blast  Parameters  Versus  Scaled  Distance" 
table  Reference  2.  The  average  EWF  based  on  the  peak  overpressures 
(Wp)  are  listed  in  Table  I together  with  ratios  showing  the  contribu- 
tion of  the  propelling  charges  to  blast  overpressures  in  terms  of 
changes  in  the  EWF.  Tests  1 and  4 were  unique  and  not  used  in  forming 
the  EWF  ratios. 

2.  Arrival  Time.  The  pressure  versus  time  histries  were  also 
used  to  measure  arrival  times.  An  EWF  based  on  the  arrival  time  (Wta) 
was  then  calculated  using  the  method  described  in  Reference  4 for  each 
station.  This  method  involves  (a)  forming  a ratio  of  the  measured  dis- 

| tance  to  the  measured  arrival  time,  (b)  forming  a ratio  of  the  scaled 

j distance  to  the  scaled  arrival  time  using  the  "Blast  Parameters  Versus 

Scaled  Distance"  table  in  reference  2,  (c)  determine  the  scaled  distance 
when  the  two  ratios  are  equal  and  (d)  use  cube  root  scaling  laws  to 
determine  an  EWF.  The  average  EWF  for  each  test  are  listed  in  Table  I 
together  with  ratios  showing  the  contribution  of  the  propelling  charges 
to  blast  overpressures. 

3.  Positive  Duration  and  Impulse.  The  quality  of  the  pressure 
versus  time  histories  deteriorated  with  time  in  many  cases  due  to 
noise,  ground  shock, fragment/debr is  impact,  and  what  appeared  to  be 
thermal  drifting.  Therefore,  no  effort  was  made  to  estimate  EWF's 
based  on  positive  duration  or  impulse  test  results.  These  data  will 
be  provided  in  a formal  report  to  be  published  at  a later  date. 

j 

i B*  Observations 

In  general,  the  EWF's  based  on  arrival  times  (IL  ) were  Er«ater 
than  the  EWF'S  based  on  peak  overpressures  (Wp).  The  relatively  poor 
agreement  between  the  average  values  in  Test  4 can  be  attributed  to 
differences  in  the  data  base.  In  Test  4 a total  of  six  data  points 
were  used  in  calculating  Wp  in  contrast  to  eight  data  points  for  Wta. 

The  two  additional  points  used  in  the  Wta  solution  were  relatively 
high,  3S00  lbs.  versus  an  average  value  of  2320  lbs.,  and  are  probably 
the  result  of  focusing. 


C.N.  Kingery  and  W.F.  Jackson,  "Blast  Screening  Tests  for  the  Alter- 
nate Explosive  Fill  Program",  Ballistic  Research  Laboratory  Memo  Re- 
port No.  2236,  October  1972  (AD  9073S4) . 
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The  results  of  Test  1 show  that  the  detonation  of  only  one  pro- 
jectile can  lead  to  the  en  masse  detonation  of  all  the  projectiles. 

If  it  is  assumed  that  propellant  and  TNT  are  equally  effective 
cm  a weight  basis  in  producing  blast  overpressures,  then  the  equiva- 
lent weight  of  a pallet,  in  lbs.  of  TNT,  with  and  without  propellant 
can  be  calculated  using  the  following  formula  from  Reference  S: 

^pallet  * WHE  KF  + Wpr°P 


Where 

WHE  " total  explosive  filler  weight  of  all  sixteen  projectiles. 

K « conversion  factor,  Cemp  B to  TNT. 

F * factor  given  by  the  modified  Farro  formula  to  account  for 

the  energy  expended  in  projectile  breakup  (0.635  for  the 
155mm  projectile) . 

Wpr0p  ■ total  weight  of  all  sixteen  propelling  charges. 

Using  these  values  the  ENF's  for  pallets  with  and  without  propelling 
charges  are  386.5  and  214.4  respectively.  These  values  yield  a ratio 
of  2.45  compared  to  an  overall  average  value  of  2.50  from  the  test  data. 


CONCLUSIONS 


The  contribution  of  the  propelling  charges  to  blast  overpressure 
Can  be  equated  to  TNT,  on  an  equal  weight  basis,  when  assessing  the 
storage  hazards  associated  with  the  use  of  the  pallet  evaulated  in  this 
study. 


The  detonation  of  only  one  projectile  in  a group  of  pallets  can 
result  in  the  en  masse  detonation  of  the  remaining  projectiles. 

No  additional  testing  is  required. 
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Figure  2.  Eight  Pallet  Array 
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Figure  3.  Single  Pallet  Array 


Figure  4.  Four  Pallet  Array 
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GROUND  ZERO 
LOCATION  "A" 


. Field  Test  Set-Up 


TABLE  I.  TEST  RESULTS  - AVERAGE  EQUIVALENT  WEIGHT  FACTOR 


EXPLOSIVE  SAFETY  TESTS  OF  PERSONAL  PROTECTIVE  EQUIPMENT 


GLENN  C.  PRITCHARD  * 
BUREAU  OF  MINES 
WASHINGTON,  D.C. 


ABSTRACT 

Explosive  safety  regulations  require  the  use  of  personal 
protective  equipment  where  work  involves  the  processing, 
testing,  or  handling  of  propellants,  explosives,  pyrotechnics, 
and  initiating  devices.  The  need  or  rationale  behind  such 
regulations  is  not  always  accepted  by  operating  personnel. 

As  a result,  research  at  the  Naval  Weapons  Center,  China 
Lake,  California,  was  initiated  to  evaluate:  (a)  types  of 
protective  eyewear  to  determine  their  effectiveness  in  flame- 
and  fragmentation-environments;  (b)  types  of  protective  clothing 
to  determine  their  effectiveness  in  a flame-environment;  and 
(c)  types  of  commonly  worn  socks  to  determine  the  effectiveness 
of  each  in  meeting  present  (electrical)  conductivity  standards. 

This  paper  concerns  itself  with  the  criteria  used  to 
evaluate  each  type  of  equipment  and  limitations  of  such 
equipment.  Variables  needing  control  during  the  evaluation 
phase  oi  during  future  tests  are  also  discussed. 


* Mr.  Pritchard  was  previously  affiliated  with  the  Naval  Weapons 
Center,  China  Lake,  California  before  assuming  his  present 
position  with  the  Bureau  of  Mines. 
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INTRODUCTION 


Current  explosives  safety  regulations  require  the  use  of  personal 
protective  equipment  where  work  involves  the  processing,  testing  or 
handling  of  hazardous  materials,  such  as  propellants,  explosives, 
pyrotechnics,  and  initiating  devices.  The  regulations  are  intended 
either  to  preclude  the  accidental  initiation  of  high-energy  materials, 
or  should  initiation  occur,  to  minimize  the  resultant  injury  to 
operating  personnel  by  providing  the  necessary  protection1. 

The  need  or  rationale  behind  the  use  of  personal  protective  equip- 
ment is  not  always  accepted  or  is  sometimes  questioned  by  personnel. 

The  purpose  of  the  following  tests  is  to  provide  data  that  can  be  used 
to  validate  the  rationale.  In  addition,  it  is  felt  that  perhaps  too 
much  credence  has  been  placed  in  the  use  of  other  forms  of  personal 
protective  equipment  not  designed  nor  intended  for  specific  ordnance 
operations,  yet  nonetheless,  used  for  such. 

This  report  summarizes  the  results  of  three  separate  studies 
involving  personal  protective  equipment  at  the  Naval  Weapons  Center 
(NWC)2. 

The  first  series  of  tests  involved  the  evaluation  of  five  types 
of  protective  eyewear  to  determine  the  effectiveness  of  each  in  a 
flame-environment  and  in  a fragmentation-environment. 

The  second  series  of  tests  involved  three  types  of  safety  attire 
(clothing)  to  determine  the  effectiveness  of  each  in  a flame-environment. 

The  third  series  of  tests  involved  the  evaluation  of  five  types 
of  commonly  worn  socks  to  determine  the  effectiveness  of  each  in  meeting 
present  (electrical)  conductivity  standards  for  ordnance  operations. 

For  ease  of  presentation,  this  report  is  delineated  into  three 
separate  sections. 


1 Naval  Sea  Systems  Command.  Ammunition  and  Explosives  Ashore: 

Safety  Regulations  for  Handling,  Storing,  Production , Renovation 
and  Shipping.  (NAVSEA  OP-5,  Vol.  1,  Fourth  Revision,  1 December  1977). 

2 Naval  Weapons  Center.  Safety  Evaluation  Tests  of  Personal 
Protective  Equipment  for  Ordnance  Operations,  by 
Glenn  C.  Pritchard,  China  Lake,  Calif.,  NWC,  1978 
(Technical  Publication  TP  6008,  publication  UNCLASSIFIED) . 
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EYEWEAR  TESTS 


Five  types  of  eyewear  were  tested  at  the  Naval  Weapons  Center. 

The  five  types  were:  (a)  safety  glasses  (polycarbonate-composition), 

(b)  visitor  glasses  (polypropionate-compositior\) , (c)  splash  goggles 
(polycarbonate-composition) , (d)  nitrometer  mask  (acetate-composition) 
and  (e)  faceshield  (acetate-composition) . 

METHOD 

Fragmentation 

A standard  U.S.  Army  Engineers  blasting  cap  was  placed  so  that  it 
was  centrally  located  to  all  five  types  of  eyewear.  The  vertical 
orientation  of  the  blasting  cap  enabled  fragments  resulting  from  an 
electrically- initiated  detonation  to  project  out  radially  in  all 
directions.  This  insured  high  velocity  fragment  impact  to  all  protective 
eyewear.  Distance  separation  between  the  blasting  cap  and  each  type 
of  eyewear  was  18  inches;  picked  because  it  simulated  personnel  working 
at  bent-arms  length  with  the  cap,  which  is  a common  practice.  The 
vertical  centerpoint  of  each  eyewear  type  was  located  at  the  same  height 
above  ground  level  as  the  blasting  cap. 

All  subsequent  fragmentation  damage  to  eyewear  was  assessed  using 
total  impacts,  deflections,  embedments,  and  complete  penetrations.  To 
assess  effectiveness,  a relative  protection  factor  was  used.  It  was 
determined  by  adding  the  total  number  of  deflections  and  embedments 
and  then  dividing  this  value  by  the  total  number  of  impacts.  All 
subsequent  values  for  each  eyewear  were  multiplied  by  100  to  yield  a 
relative  protection  factor  in  percent. 

Visual  observations  were  recorded  by  35  mm  black  and  white,  and 
color, stills. 


RESULTS  AND  DISCUSSION 
Fragmentation 

In  assessing  the  damage,  not  only  the  occurrence:  such  as  deflection, 
embedment  and  penetration,  must  be  considered,  but  the  extent  of  each. 
Lensc?  of  eyewear  with  a large  percentage  of  deflections  and  shallow 
embedmpr'ts  are  considered  most  desirable.  Those  with  deep  embedments 
to  the  very  point  of  complete  lens  penetration  are  less  desirable;  and, 
of  course,  complete  penetration  of  the  lens  is  least  desirable  and 
totally  unacceptable. 

Safety  Glasses  (Spectacles).  Not  surprising  is  the  fact  that  the 
polycarbonate-composition  safety  glasses  withstood  high-valocity  impact 
from  the  fragmenting  blasting  cap.  Fifty  percent  of  the  fragments  were 
deflected  from  the  lens,  whi'e  the  other  50%  were  embedded  in  the  lens 
(See  Thble  1) . No  fragments  came  close  to  penetrating  the  entire  thickness 
of  the  lens.  The  inside  of  the  lens  was  smooth  to  the  touch  and  as  such 
indicates  the  appropriateness  of  requiring  safety  glasses  to  be  worn  during 
ordnance  operations.  It  must  be  realized  that  the  test  performed  simulated 
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a small-scale  ordnance  mishap.  It  is  not  known  whether  large-scale 
blasts  with  subsequent  fragmentation  would  be  attended  sufficiently 
by  the  eyewear;  however,  personnel  would  probably  not  survive  due 
to  massive  whole-body  trauma  from  severe  fragmentation  and  over- 
pressure . 

Visitor  Glasses  (Spectacles/ . Only  two  of  16  fragments  actually 
penetrated  the  thickness  of  the  polypropionate-cooposition  lenses 
(See  Table  1) . This  would  be  expected  for  low-velocity  metal  chips 
and  filings,  however,  it  was  not  expected  (intuitively)  for  high- 
velocity  schrapnel.  The  fact  that  all  but  three  of  the  fragments  were 
embedded  indicates  the  relative  strength  of  the  lenses.  However, 
the  fragments  that  were  embedded  could  be  felt  from  the  inside  of 
the  lens,  thus  indicating  almost  complete  penetration. 

It  must  be  kept  in  mind  that  visitor  glasses  are  intended  to  be 
worn  by  visitors  and  not  by  operating  personnel  directly  involved  in 
the  hazardous  work.  Typically,  most  visitors  do  not  get  close  enough 
to  the  operation  and  as  such  probably  need  no  more  protection  than 
that  provided  by  the  visitor  glasses. 

Although  tests  were  not  conducted  using  the  visitor  glasses  in 
combination  with  personal  prescription  glasses  (not  government-issued 
ar.d  approved) , the  current  test  results  would  seem  to  indicate  that 
there  would  be  sufficient  attenuation  to  prevent  eye  damage  when  using 
this  combination . 

Splash  Goggles.  Two  fragments  completely  penetrated  the  polycarbonate- 
composition  lenses,  while  seven  were  sufficiently  embedded  in  the  lenses 
so  that  they  could  be  felt  from  the  inside  of  the  glasses  (Table  1). 

Goggles  typically  are  used  in  chemical  processing  operations  where 
liquid  splash  protection  is  needed.  The  giggles  were  net  designed  nor 
intended  primarily  for  high-velocity  impact  protection  and  should  not  be 
used  for  such. 

Faceshleld  Visor  (Nitrometer  Mask)  and  Faceshield.  Neither  the 
nitrometer  mask  nor  the  faceshield  provided  the  protection  desired  in  a 
fraermenting  environment  (Table  1) . Approximately  one  out  of  every  three 
fragments  was  able  to  penetrate  the  shield  lens.  Because  of  the  .040" 
thickness  of  the  shield  lens,  in  both  the  nitrometer  mask  and  the  face- 
shield,  all  embeded  fragments  could  be  felt  from  the  inside.  These 
acetate-composition  shields  are  intended  for  chip  and  dust  impact, 
mainly  generated  by  inert  machining  operations,  and  liquid  splash  operations. 

METHOD 

Burn 


A 12-ounce  pile  of  smokeless,  single-based,  nonperforated  powder 
was  situated  in  front  of  each  type  of  eyewear.  To  simulate  the  typical 
angle  at  which  personnel  would  be  handling  propellant  or  pyrotechnic 
powder  on  a work  bench,  each  set  of  eyewear  was  placed  20°  off  vertical 


from  the  powder,  in  addition  to  16  inches  away.  Eighteen  inches  was 
picked  because  it  was  felt  that  bench  level  to  eye  level  separation 
for  average-sized  personnel  approximated  this  value. 

A small  powder  bag,  ignited  by  an  M60  fuse  lighter  and  safety 
(time)  fuse,  initiated  the  train  which  was  set  up  parallel  to  and  in 
front  of  the  eyewear.  Wooden  stands  were  constructed  to  insure  each 
eyewear  maintained  its  proper  orientation  during  the  test. 

Hie  wind  velocity  at  the  time  of  the  burn  test  was  5-9  knot  gusts 
tram  the  southwest.  Ignition  took  place  upwind  from  the  eyewear.  All 
eyewear  were  exposed  to  high  temperature  radiation  and  hot  combustion 
gases.  The  duration  of  each  12-ounce  pile  fire  was  about  8 seconds. 

The  burn  time  of  the  propellant  train  between  piles  was  about  5 seconds. 
The  total  duration  of  the  test  was  about  60  seconds.  Visual  observations 
were  recorded  by  35  mm,black  and  white,  and  color,  stills. 

All  subsequent  burn  damage  to  eyewear  was  assessed  as  none,  light, 
moderate,  heavy,  or  extensive. 

RESULTS  AND  DISCUSSION 

Burn 


During  the  propellant  burn  test,  no  instrumentation  was  present  to 
indicate  the  actual  temperatures  that  the  eyewear  sustained.  Also,  no 
method  was  available  to  determine  thermal  conductivity  of  the  individual 
eyewear.  One  can  assess  the  resultant  damage  due  only  to  thermal  radiation 
and  combustion  gases.  It  is  possible  that  some  eyewear  experience  a more 
severe  test  than  others,  but  it  is  not  considered  significant  since  the 
test  duration  was,  in  a sense,  'overkill.*  Each  eyewear  experienced 
about  an  8 second  burn,  which  is  much  more  than  personnel  would  be  subjected 
to  xf  any  bodily  movement  away  from  the  flame  was  possible.  The  severity 
of  the  burn  to  the  face,  eyes,  and  body  would  be  dependent  upon  the  extent 
and  time  duration  of  flame  contact,  and  type  of  compositional  material 
of  the  eyewear. 

Safety  Glasses  (Spectacles) . It  is  not  surprising  that  the  safety 
glasses  withstood  both  the  thermal  radiation  and  the  hot  combustion 
gases  as  a result  of  the  propellant  burn  (See  Table  2).  As  before,  however, 
it  should  be  realized  that  the  test  simulated  a small-scale  ordnance 
mishap  and  that  a large-scale  mishap  would  cause  with  virtual  certainty, 
massive  whole-body  trauma,  even  though  the  glasses  may  have  attenuated 
the  fire. 

The  duration  of  the  test  was  approximately  one-minute,  which  included 
about  8 seconds  of  severe  flame  exposure  to  the  safety  glasses.  Personnel 
would  not  normally  be  subjected  to  such  a situation  and  thus  the  extent 
of  damage  may  be  looked  upon  as  a 'worst  case*  test  situation. 

Visitor  Glasses  (Spectacles) . The  visitor  glasses  held  up  remarkably 
well  to  the  burn  (See  Table  2) . The  lack  of  damage  indicates  the  relative 
heat-resistant  capabilities  of  the  glasses.  Not  known  is  the  temperature 
sustained  by  the  glasses,  but  results  indicate  that  the  visitor  glasses 
experienced  no  more  damage  than  the  government-issued  safety  glasses. 

As  such,  visitors  using  this  type  of  eyewear  are  more  than  likely  receiving 
the  same  amount  of  frontal  flame  protection  as  that  provided  by  the  safety 
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glasses.  However,  temple  and  brow  protection  may  not  be  as  great.  In 
addition,  no  melting  occurred  and  thus  supports  the  idea  that  skin 
infection  would  not  occur  from  a melted  spectacle  and  flesh  interaction. 

Splash  Goggles.  Even  more  surprising  than  the  assessed  results  of 
the  visitor  glasses,  was  the  results  of  the  splash  goggles  (Table  2). 

Burn  damage  to  all  portions  of  the  eyewear  was  assessed  as  light. 
Consequently,  the  goggles  received  the  most  favorable  rating  among  the 
five  types  of  eyewear  tested.  The  results  should  be  viewed  with  some 
amount  of  caution.  The  goggles  were  located  at  the  end  of  the  propellant 
train,  and  as  such,  may  not  have  received  the  same  amount  of  thermal 
input  as  the  other  eyewear.  Indeed,  the  wooden  stand  supporting  this 
eyewear  seemed  less  charred  (near  the  eyewear)  than  the  other  stands. 

Faceshield  Visor  (Nitrometer  Mask)  and  Faceshield.  Visual 
observations  after  the  test  led  to  'extensive'  damage  assessments  for 
both  eyewear  types  (Table  2) . Personnel  wearing  such  eyewear  would 
have  experienced  severe  burns,  probable  inhalation  of  toxic  combustion 
by-products  from  these  shields, and  probable  skin  infection  from  the 
interaction  of  the  melted  shields  and  flesh.  Unless  immediate 
evacuation  were  possible,  the  mask  and  shield  would  appear  to  be  of  no 
value  in  a flame-environment. 

SUMMARY 

This  section  describes  fragmentation  and  burn  tests  made  to 
determine  the  effectiveness  of  eyewear  used  in  ordnance  operations 
and  to  indicate  the  hazards  to  personnel  should  they  be  exposed  to 
burning  materials  or  explosive  detonations.  Observation  of  eyewear 
damage  as  a result  of  the  tests  indicates  the  following: 

1.  The  purpose  of  the  eyewear  selected  and  thus  the  operation  in 
which  the  eyewear  is  to  be  used,  must  always  be  kept  in  mind. 

2.  The  apparent  differences  among  all  eyewear  types  tested  can 
probably  be  attributed  to  lens  thickness,  lens  composi tion, 
cross-linked  chemicals  used  to  facilitate  lens  strength, 
manufacturing  differences  of  each  company  producing  the 
eyewear,  and  other  possibly  unknown  variables.  Purchase  of 
any  such  eyewear  should  include  an  attempt  to  take  into 
account  the  aforementioned  variable. 

3.  Realistically,  the  only  eyewear  providing  adequate  burn  and 
light  fragmentation  protection  is  the  polycarbonate  safety 
glasses  (spectacles) . All  other  eyewear  do  not  appear  to  be 
designed  sufficiently  to  be  used  singularly  in  explosive 
operations  for  operator  protection. 

4.  Polypropionate  visitor  glasses  (spectacles)  and  polycarbonate 
splash  goggles  appear  to  have  limited  appropriateness  during 
fragmentation-potential  operations  only  when  worn  over  personal 
prescription  glasses  or  government- issued  safety  glasses. 
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5.  Polypropionate  visitor  glasses  (spectacles)  and  polycarbonate 
splash  goggles  appear  to  b#  appropriate  to  wear  during  burn- 
potential  operations  regardless  of  whether  personal  prescription 
or  governnent-issued  safety  glasses  are  worn  underneath. 

6.  The  acetate  nitrometer  and  acetate  faceshield  masks  appear  to  have 
only  limited  appropriateness  for  ordnance  operations,  and  only  when 
worn  in  conjunction  with  government-issued  safety  glasses. 

The  shields  would  appear  to  provide  only  immediate  protection 
in  a fire.  Unless  personnel  wearing  such  equipment  could 
remove  themselves,  or  be  removed,  almost  invnediately  from  the 
fire,  extensive  melting  in  addition  to  possible  smoke  and 
toxic  combustion  by-product  inhalation  would  cause  incapacitation. 
The  shields  do  provide  some  fragmentation  attenuation,  but  the 
degree  of  such  would  prohibit  them  from  being  worn  unless 
accompanied  by  government-issued  safety  glasses. 

7.  Discussions  with  several  manufacturing  and  distributing  firms 
indicate  that  the  nitrometer  mask  and  faceshield  could  be 
produced  using  either  a polycarbonate  or  polypropionate 
composition;  in  place  of  the  acetate  material  used.  This 
would  substantially  increase  the  protection  factor  due  to  the 
increased  strength.  Fragmentation  and  burn  tests  could  then 
be  accomplished  using  thu  stronger  compositions. 

8.  All  eyewear  evaluated  should  perform  better  (than  that  reported) 
in  other  than  ordnance  operations,  where  low-velocity  chips, 
me*vl  filings,  and  dust  exists  (e.g.,  machining  operations 

of  inert  components). 

g.  Tests  should  be  made  to  determine  the  maximum  amounts  of 
explosives  and  propellants,  maximum  fragment  weights,  and 
minimum  distances  for  which  each  eyewear  type  will  offer 
protection. 

10.  Tests  should  be  made  to  attempt  to  validate  some  of  the 
aforementioned  comments  involving  personal  prescription 
eyewear  used  in  conjunction  with  visitor  glasses  (spectacles), 
splash  goggles,  and  faceshields. 

11.  Tests  should  be  conducted  using  thermocouples  to  determine 
actual  temperatures  sustained  by  the  eyewear,  and  to  assist 
in  determining  thermal  conductivity  of  such  eyewear. 

12.  The  American  National  Standards  Institute  (ANSI  Z87.1)3 
does  not  concern  itself  with  high-velocity  impact  situations. 

Only  these  protection  requirements  involving  low-velocity 
impact  are  discussed.  An  apparent  deficiency  in  this  area 
would  appear  to  exist. 

3 American  National  Standards  Institute.  American  National  Standard  for 
Occupational  and  Educational  Eye  and  Face  Protection.  New  York,  N.Y. 

1968 (ANSI  Z87.1) . 


CLOTHING  TESTS 


Three  types  of  safety  attire  were  tested  at  the  Naval  Weapons 
Center.  The  three  types  were:  (a)  f lame- retardant  treated  coveralls 
(powder  uniform)  with  all-cotton  underclothing  only,  (b)  flame-retardant 
treated  coveralls  with  street  clothing  worn  underneath,  and  (c)  flame- 
retardant  treated  coveralls  with  a flame-suit  worn  over  the  coveralls. 

METHOD 

Three  manakins  were  placed  on  one  side  of  a table,  on  which  was 
approximately  30  pounds  of  composite  propellant  shavings  salvaged  from 
processing  operations  and  laid  to  a depth -of  5-  to  6-  inches.  One 
manakin  were  government- issued  cotton  coveralls,  cotton  underwear  and 
a cotton  T-shirt.  The  T-shirt  and  cotton  underwear  were  made  of  100% 
combed-cotton.  The  coveralls,  or  powder  uniform  as  is  called  in  many 
processing  facilities,  was  made  of  tightly  woven,  smooth,  cotton  fabric 
and  treated  with  a diammonium  phosphate  or  ammonium  sulfomate  f lame- 
re  tarda  ncy  solution.  The  coveralls  were  of  the  type  that  require 
flame  proofing  after  each  laundering.  The  coveralls  in  this  test  had 
recently  been  laundered  and  flame-proofed. 

A second  manakin  wore  the  government- is sued  cotton  T-shirt  and 
underwear.  Over  the  underclothing  were  worn  a cotton  flannel  shirt  and 
blue  denim  jeans,  both  of  which  did  not  receive  the  flame  retardant 
treatment.  Over  the  shirt  and  jeans  were  worn  the  government-issued 
cotton  coveralls.  A third  manakin  wore  a Firetex  flame  suit  over  the 
government-issued  coveralls,  T-shirt,  and  underwear. 

Thermocouples  were  placed  on  each  manakins’  breast.  To  insure 
most  likely  contact  between  the  manakin  and  the  clothing,  the  breast 
area  was  chosen  over  other  bodily  areas.  A fourth  thermocouple  was 
placed  on  the  manakin  outfitted  with  cotton  underclothing  and  coveralls 
only.  The  location  was  on  the  neck  of  the  manakin  and  as  such,  was 
unprotected. 

Honeywell  19  recorders  powered  by  a portable  generator  ware  used 
to  record  all  thermocouple  data.  There  were  no  zero  time  indicators  on 
tha  two  Honeywell  recorders  used.  The  zero  time  was  arbitrarily  chosen 
and  is  felt  to  be  accurate  only  to  within  a couple  of  seconds. 

The  relative  protection  given  by  the  various  clothing  types  was 
evaluated  by  thermocouple  data  and  visual  observation.  Visual  obser- 
vations were  recorded  by  35  nan  color  stills. 


RESULTS 

At  the  time  of  propellant  ignition,  the  wind  was  blowing  away  from 
the  safety-clothes-only  manakin  and  toward  the  street-clothes- and- safety- 
clothes  manakin.  The  safety-clothes-only  manakin  was  exposed  primarily 
to  high  temperature  radiation,  whereas  the  manakin  with  street  clothing 
was  exposed  to  both  the  radiation  and  the  hot  combustion  gases.  The 
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street  clothe*  manakin  with  safety  clothes  experienced  a Bore  severe 
test  than  the  safety-clothed  manakin  as  a result  of  this  additional 
exposure . 

The  duration  of  the  burn  was  about  7-10  seconds,  which  is  more 
than  personnel  would  be  subjected  to,  if  any  bodily  movement  away  from 
the  fire  was  possible.  In  this  sense,  the  teat  represents  an  'overkill' 
situation. 

Safety  Clothes  Only.  The  manakin  wearing  only  the  qovernment-issued 
cotton  underclothing  and  coveralls  was  protected  the  least,  according  to 
the  data  provided  by  the  thermocouple  recorders  and  visual  observation. 
As  pointed  out  in  the  previous  paragraphs,  this  manakin  was  the  least 
exposed  to  fire.  The  cotton  coveralls  were  charred,  as  was  the  T-shirt. 
The  cotton  underwear  were  scorched.  The  maximum  temperature  recorded 
was  385°F,  reached  five  seconds  after  the  initial  temperature  (See 
Figure  1) . 

All  damage  inflicted  was  at  or  above  the  table  level. 

Safety  Clothes  and  Street  Clothes.  The  manakin  with  government- 
issued  safety  clothes  and  street  clothes  underneath  was  protected  much 
more  than  the  manakin  with  safety  clothes  alone,  according  to  the 
thermocouple  data  (See  Figure  1) . After  two  seconds  of  the  initial 
teaqperature  rise,  a maximum  of  195°  was  reached.  This  was  the  first 
of  three  noticable  rises  in  temperature;  the  next  occurring  about 
13  seconds  later  and  reaching  220°F.  Finally,  40  seconds  after 
ignition  propellant,  the  ignition  of  the  street  clothes  occurred.  The 
maximum  rise  then  reached  435°F.  The  street  clothes  burned  in  the 
midriff  section  of  the  manakin,  except  where  the  flannel  shirt  had 
been  tucked  into  the  blue  jeans.  The  jeans  themselves  received  some 
burning  in  the  belt  and  pocket  area.  So  badly  burned  were  the  T-shirt 
and  coveralls,  tnat  they  disintegrated  upon  being  touched.  The 
underwear  were  virtually  undamaged. 

All  damage  inflicted  was  ut  or  above  the  table  level. 

Safety  Clothes  and  flame  Suit.  The  manakin  wearing  the  flame  suit 
over  the  coveralls  was  the  most  protected  (See  Figure  1).  An  initial, 
conspicuous  temperature  rise  occurred  about  5 seconds  into  the  burn 
and  reached  a maximum  of  125°F  after  about  8 seconds.  The  flame  suit, 
however,  was  embrittled  by  the  fire.  For  the  chest  area  where  the 
flame  suit  did  not  protect  the  coveralls,  light  scorching  occurred. 

The  fire  was  able  to  propagate  up  the  sleeves  of  the  flame  suit,  causing 
extensive  damage  to  the  coverall  sleeves  underneath.  No  glove  gauntlets 
were  being  worn  by  the  manakin  during  the  test. 

All  damage  inflicted  was  at  or  above  the  table  level. 

DISCUSSION 

The  resultant  data  is  not  too  surprising.  More  protection  is 
certainly  gained  by  more  clothing.  NAVSEA  OP- 5,  Volume  1,  Ammunition 
and  Explosives  Ashore  , indicates  that  street  clothes  may  be  worn  under 
a powder  uniform  in  operations  where  they  are  used  for  fire  protection 
and  to  keep  the  worker's  clothes  from  being  contaminated.  The  NAVSEA 
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document,  however,  goes  on  to  indicate  that  in  operations  where  static 
electricity  creates  a hazard,  all  clothing  worn  under  powder  uniforms 
shall  be  made  of  cotton. 

The  use  of  the  flame  suit  provides  the  best  protection  of  the 
safety  gear  evaluated.  However,  again  the  question  of  static 
electricity  must  be  raised.  Worker  mobility  and  comfort  must  also  be 
a consideration. 

Decisions  must  be  analyzed  and  the  risks  weighed  in  determining 
the  trade  off  between  comfort  and  thermal  protection,  static  versus  non- 
static  producing  clothing,  ar.l  combinations  thereof. 

Although  street  clothes  do  burn,  this  test  showed  an  extended  time 
delay  before  they  ignited.  Any  movement  on  the  part  of  personnel  away 
from  the  fire  would  have  certainly  precluded  this  ignition  occurrence. 

A similar  statement  about  the  government-issued  coveralls  and  under- 
clothing can  be  made.  Seven  to  ten  seconds  is  a long  time  to  be 
exposed  to  a propellant  fire.  The  purpose  of  this  protective  clothing 
is  not  to  'fight'  a fire,  but  to  enable  speedy  and  safe  egress  from  one. 
Intuitively,  all  three  protective  outfits  tested  provide  this  capability. 
Of  course,  unprotected  areas  of  the  body,  e.g.,  hands,  face  and  neck 
would  experience  severe  burns  without  immediate  evacuation.  In  this 
circumstance,  additional  protection  would  be  needed. 


SUMMARY 


This  section  describes  flame  tests  made  to  determine  the  relative 
protection  of  safety  attire  (clothing)  used  in  ordnance  operations  and 
to  indicate  to  personnel  the  hazards  should  they  be  exposed  to  burning 
materials.  Current  Naval  explosives  safety  regulations  , in  addition 
to  observation  of  damage  to  the  clothing  as  a result  of  the  test, 
indicates  the  following: 


1.  All  cotton  clothing:  coveralls,  T-shirt,  underwear,  and 
socks  must  be  worn  in  operations  where  the  generation  of 
static  electricity  would  create  a hazard. 

2.  When  static  electricity  is  of  no  concern  and  in  operations 
where  additional  fire  protection  is  needed,  street  clothes  may 
and  should  be  worn  under  a powder  uniform. 

3.  Considering  average  personnel  reaction  time  to  a fire  where 
less  than  massive  amounts  of  propellant  are  involved,  and 
assuming  ease  of  emergency  egress,  coveralls  and  all-cotton 
undergarments  are  safe  and  appropriate  clothing  to  wear  in 
flame-potential  environments. 

4.  Where  flame  suits  are  considered  desirable  fct.g.,  large-scale 
propellant  and  pyrotechnic  operations) , they  need  to  be  of  such 
blend  and  construction  that  static  electricity  can  be  as  easily 
dissipated  as  with  cotton  gear.  In  addition,  personnel  comfort 
and  mobility  must  be  a salient  factor  when  determining  the  use 
of  such  suits.  Indeed,  the  degree  of  protection  provided  by  a 
flame  suit  may  be  outweighed  by  its  static-producing  capabilities 
and  its  lack  of  comfort. 

1629 


mmm®  **  - — 


SOCK  TESTS 


Five  types  of  socks  were  evaluated  at  the  Naval  Weapons  Center. 

The  five  types  were:  (a)  100%  cotton  (thin),  (b)  75-85%  cotton/ 

25-15%  nylon,  (c)  100%  cotton  (thick),  (d)  100%  nylon,  and  (e)  75% 
or lon/2 5%  nylon. 

METHOD 

Socks  of  the  various  types  were  issued  to  a number  of  personnel. 

The  tests  were  conducted  by  having  each  person  put  on  one  kind  of  sock 
with  his  conductive  shoes.  A conductivity  reading  was  taken  immediately. 

A Safe-T-Ohm,  Model  TM,  shoe  tester  was  used  for  all  readings.  After 
the  immediate  reading,  additional  readings  were  taken  at  specified  time 
intervals.  This  report  focuses  on  the  first  120  minutes. 

During  the  testing  period,  personnel  continued  to  perform  their 
regularly  assigned  functions.  This  was  done  to  simulate  as  near  as 
possible  the  conditions  personnel  would  normally  experience  in  their  work 
environment.  Due  to  remote  work  locations,  some  extensive  travel,  and 
incongruous  work  schedules,  all  personnel  were  not  tested  with  all  sock 
types.  In  addition,  not  all  personnel  were  tested  at  each  of  the  specified 
time  intervals. 

RESULTS  AND  DISCUSSION 

Table  3 shows  the  percent  of  sock  types  railing  within  specified 
conductivity  ranges  as  a function  of  time.  To  facilitate  ease  of 
discussion,  'K'  ohms  will  be  used  to  indicate  1,000  ohms,  while  'M'  ohms 
will  be  used  to  indicate  1,000,000  ohms. 

100%  Cotton  (Thin)  Socks.  Thin  socks,  of  100%  cotton  composition, 
registered  the  most  satisfactory  readings.  This  occurred  not  only 
immediately  after  personnel  put  on  the  socks,  but  for  the  entire  two-hour 
evaluation  period.  The  requirement  for  socks  of  high  cotton  content 
in  ordnance  operations  involving  electrostatic  hazard  potential  appears 
to  be  validated  by  the  results  of  this  test.  Cotton  is  hygroscopic, 
and  as  such  will  readily  absorb  moisture  from  the  atmosphere  or  from  the 
feet  of  personnel.  Moisture  collected  on  the  feet  of  personnel  is  absorbed 
and  transmitted  through  the  sock  to  the  inner  sole  of  the  conductive  shoe. 
The  shoe  then  provides  a path  to  ground  to  bleed  off  electrostatic  charge 
buildup. 

Internal  body  resistance  and  built-in  shoe  resistance  keep  readings 
from  reaching  unacceptably  low  values.  Current  NAVSEA  explosive  safety 
requirements  allow  a minimum  shoe  reading  of  25K  ohms.  Several  40K,  50K, 
and  60K  ohm  readings  were  registered  during  the  cotton  sock  test,  however, 
none  approached  minimum  acceptability. 

One  somewhat  disturbing  aspect  associated  with  the  100%  cotton  (thin) 
socks  was  the  fact  that  10%  of  the  readings  registered  above  the  1M  ohm 
maximum  imsediately  after  putting  on  the  socks.  For  operations  where 
the  generation  of  static  would  create  a hazard,  regulations  require  socks 
of  high  cotton  content.  No  time  element  is  involved,  yet  the  test  data 
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indicates  that  perhaps  as  long  as  15  minutes  may  be  needed  before 
maximum  safety,  through  acceptable  conductivity  readings,  can  be 
achieved . 

75-85%  Cotton/25-15%  Nylon  Socks.  Socks  with  all  cotton  content 
have  become  increasingly  difficult  to  procure.  Cotton  socks  typically 
have  a reinforced  heel  and  toe  made  of  nylon.  The  small  percentage  of 
nylon  has  generally  not  affected  the  hygroscopicity  of  the  cotton,  and 
the  test  results  in  this  report  would  appear  to  validate  this.  After  15 
minutes,  all  readings  registered  0-500K.  ohms.  The  only  difference 
between  the  all  cotton  (thin)  socks  and  the  cotton/nylon  socks  appeared 
to  be  in  the  readings  achieved  immediately  after  putting  on  the  socks. 
Twenty-three  percent  of  the  personnel  wearing  the  cotton/nylon  socks 
had  readings  greater  than  1M,  as  opposed  to  10%  for  cotton  (thin)  socks. 
Based  upon  the  test  results,  15  minutes  would  appear  to  be  needed  to 
achieve  maximum  acceptable  conductivity. 

100%  Cotton  (Thick)  Socks.  Thick  socks,  of  100%  cotton  composition, 
revealed  some  surprisingly  unsatisfactory  readings.  In  fact  71%  of  the 
personnel  wearing  this  sock  type  registered  over  1M  ohms  resistance 
immediately  upon  donning  them.  Only  29%  fell  into  the  acceptable  range. 

It  should  be  understood  that  the  requirement  for  socks  with  high  cotton 
content  is  applicable  to  those  of  thin  construction  only.  As  stated 
oefore,  cotton  is  hygroscopic.  However,  permeation  of  moisture  through 
thick  socks  takes  longer  than  through  thin  socks.  As  a consequence, 
acceptable  conductivity  readings  take  longer  to  achieve.  The  test  data 
seems  to  substantiate  this.  After  15  minutes,  71%  of  the  readings  were 
in  the  0-500K  ohm  range  and  29%  were  in  the  >500K-<1M  range.  Fifteen 
minutes  appears  to  be  the  minimum  time  to  achieve  acceptable  conductivity. 
Thirty  minutes  seems  most  appropriate. 

100%  Nylon  and  75%  Orlon/25%  Nylon  Socks.  Both  types  of  synthetic 
socks  worn  by  personnel  registered  entirely  unsatisfactory  readings. 

After  two  hours,  25%  of  the  personnel  wearing  100%  nylon  socks  registered 
above  1M  ohm.  Fifty-seven  percent  of  the  personnel  wearing  75%  orlon/25% 
nylon  socks  registered  above  1M  ohm  even  after  the  two  hour  test  period. 
Synthetics  do  not  absorb  moisture  readily.  In  addition  they  provide  good 
insulative  effects.  Both  these  aspects  contribute  to  their  ability  to 
maintain  an  electrical  charge  for  extended  time  periods  before  bleed-off 
occurs.  This  could  be  catastrophic  in  those  operations  where  electrostatic 
discharge  say  initiate  loose  explosives  or  pyrotechnic  powder,  or  vapor- 
air  mixtures  within  ignitable  limits. 
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VARIABLES 


Several  of  the  sock  types  proved  to  be  effective  for  the  hazardous 
conditions  found  in  ordnance  operations.  However , many  variables  were 
found  that  affect  the  adequacy  of  conductivity  afforded  by  the  various 
type  of  socks.  Variables  that  merit  consideration  are  listed  below 
under  the  general  headings  of  shoe  tester,  weather  conditions,  shoe 
conditions,  work  conditions  and  individual  differences.  These  variables 
should  not  be  considered  all-inclusive. 

Shoe  Tester.  The  shoe  tester  used  in  this  particular  test,  the  Safe-T- 
Ohm,  has  a scale  range  of  0 ohms  co  1,000,000  ohms.  This  range  is 
highlighted  green  to  indicate  acceptability.  Above  1,000,000  ohms  is 
highlighted  red  tc  indicate  unacceptability.  However,  in  the  red  region 
there  is  no  scale  and  as  a consequence,  there  is  no  satisfactory  method 
to  determine  whether  the  sock  readings  are  just  slightly  above  acceptable 
conductivity  or  infinitely  above.  One  only  knows  that  the  reading  is 
unacceptable,  not  the  extent  of  this  unacceptability.  There  is  probably 
enough  machine-error  variability  to  make  the  shoe  tester  readings  near 
the  rnd/green  borderline  region  a concern. 

Weather  Conditions.  Relative  humidity  must  be  controlled  in  order  to 
obtain  reliable  conductivity  measurements  over  time.  A high  humidity 
may  cause  enough  moisture  on  the  socks  and  feet  of  personnel  to  cause  most, 
if  not  all,  readings,  regardless  of  sock  content,  to  be  within  acceptable 
limits.  Similarly,  a low  humidity  may  keep  even  cotton  socks  at  high 
levels.  Hygroscopicity  is  the  ability  to  absorb  moisture.  If  there  is 
little  moisture  in  the  air,  such  as  may  be  found  in' the  desert  winter 
months,  hygroscopic  socks  will  experience  difficulty  in  moisture  absorption. 
Consequently,  readings  may  stay  elevated  for  extended  time  periods. 

In  summary,  cold  versus  warm  weather  conditions,  coupled  with  wet 
versus  dry  climatic  conditions  are  variables  that  must  be  considered  and 
controlled  when  evaluations  of  this  nature  are  performed.  This  is  why 
daily  checks  are  important  in  high  hazard  areas  (e.g.,  pristary  explosive 
and  pyrotechnic  operations),  per  NAVSEA  explosive  regulations. 

Shoe  Conditions.  Ideally,  the  conductivity  of  shoes  should  be  deter- 
mined before  socks  are  tested  so  that  a baseline  of  data  can  be  established. 
Shows  in  good  condition  may  initially  show  a conductivity  reading  as  low 
as  25K  ohms.  Likewise,  shoes  in  bad  condition  may  lead  to  greater  than 
IN  ohm  readings,  even  with  100%  (thin)  cotton  socks. 

Dirt,  grime,  grease,  and  wax  are  just  a few  of  the  materials  that 
may  provide  sufficient  insulative  effects  to  prevent  reliable  and  accurate 
conductivity  readings,  unless  removed  from  the  soles  of  the  conductive 
shoes. 

Work  Conditions.  Pedestrian  traffic  may  be  a crucial  variable  in 
evaluating  sock  conductivity.  Field  work  that  involves  a great  deal  of 
activity  on  the  part  of  personnel  should  lead  to  copious  amounts  of 
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perspiration,  and  as  such,  adequate  conductivity  measurements.  Likewise, 
office  work  involving  a good  deal  of  sendentary  activity,  and  only 
sporadic  field  work,  nay  preclude  perspiration  buildup  and  thus  raise 
nost  readings  above  acceptability,  regardless  of  sock  content. 

Individual  Differences.  Sons  personnel  nay  naturally  perspire 
regardless  of  their  activity,  while  others  who  do  active  work  nay  not 
perspire  at  all.  Blood  circulation  plays  a najor  part,  and  of  course, 
is  different  with  different  people.  Test  results  would  seen  to  verify 
this;  the  sane  personnel  generally  showed  higher  readings  on  all  types  of 
socks  - especially  initial  readings.  In  sunnary,  individuals  nust  know 
their  peculiarities  to  truly  derive  naxinun  safety  through  the  use  of 
socks  and  shoes. 

SUMMARY 

This  section  describes  conductivity  tests  made  to  determine  the 
relative  conductivity  cf  various  sock  types  that  stay  be  worn  in  ordnance 
operations  and  to  indicate  to  personnel  the  acceptability  or  unaccept- 
ability of  such  socks.  Current  NAVSEA  explosives  safety  regulations, 
in  addition  tc  observations  of  sock  conductivity  as  a result  of  the  tests, 
indicate  the  followings 

1.  Where  conductive  shoes  are  required  to  be  worn,  only  lightweight 
socks  of  high  cotton  content  should  be  worn. 

2.  Even  after  donning  lightweight  (thin)  socks  of  100%  cotton 
content,  perhaps  as  long  as  15  minutes  may  be  needed  before 
adequate  conductivity  readings  can  be  achieved. 

3.  Seventy-five  to  85%  cotton  socks,  with  sow  nylon  reinforcewnt 
meet  the  requirewnt  of  high  cotton  content  and  appear  to  provide 
acceptable  conductivity  readings  after  a 15  minute  waiting  period. 

4.  Thick  100%  cotton  socks  do  not  appear  to  meet  current  NAVSEA 
requirements,  and  test  results  seem  to  support  this.  Thirty 
minutes  may  be  an  appropriate  waiting  period,  after  donning 
heavy  cotton  socks,  before  hasardous  operations  should  commence. 
This  is  a somewhat  long  waiting  period  and  may  be  economically 
impractical. 

5.  Synthetic  socks  do  not  meet  current  requirewnts  and  this  is 
reinforced  by  the  data.  Their  use  in  ordnance  operations 
should  be  precluded,  especially  where  electrostatic  discharge  is 
a concern. 

6.  Many  variables  affect  eock  conductivity.  To  gain  a reliable 
hold  on  actual  sock  conductivity,  control  of  these  variables 
is  needed. 
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SUMMARY 


This  report  summarises  the  results  of  tests  conducted  et  the 
Havel  Weapons  Center  (NWC)  to  evaluate  the  effectiveness  of 
personal  protective  equipment  used  In  areas  involving  the  processing, 
testing,  and  storing  of  high  energy  materials. 

A acre  detailed  discussion  of  the  criteria  used  to  evaluate 
the  equipment,  the  limitations  of  each  type  of  equipment,  and 
variables  to  be  controlled  or  included  during  the  evaluation  phase 
or  during  future  tests  can  be  found  in  "Safety  Evaluation  Tests  of 
Personal  Protective  Equipment  for  Ordnance  Operations."  (Footnote  2). 

Protective  equipment  described  herein  was  purchased  for  limited 
applications  and  use  by  NWC.  The  results  and  implications  derived 
from  the  test  applications  should  be  evaluated  cautiously.  Although 
different  types  of  protective  equipment  were  found  acceptable  for 
ordnance  evironments,  seme  variables  probably  did  intervene  to 
prevent  a totally  accurate  analysis. 

It  is  apparent  that  research  programs  are  needed  to  obtain  data 
in  which  name  of  the  aforementioned  variables  are  controlled.  It 
is  hoped  that  this  report  will  stimulate  an  interest  in  that  direction. 


MANUFACTURE  OF  EXPLOSIVES  EXTRUDED  PRODUCTS 
Robert  A.  Lee 

THIOKOL  CORPORATION/Louisiana  Division 
Louisiana  Army  Ammunition  Plant 
Shreveport,  Louisiana 

In  1973,  a project  was  established  to  design  and  develop 
a prototype  extruder  for  Composition  C4  Explosives.  It 
was  intended  to  completely  design  a new  facility  at 
Louisiana  Army  Ammunition  Plant  for  production  of  extruded 
items. 

This  presentation  will  include  slides  and  a discussion  of 
the  production  facilities  and  operational  flow  in  produc- 
ing the  M112  Demolition  Block.  It  will  cover  the  entire 
operation  from  receipt  of  the  bulk  Composition  C4 
Explosives,  extrusion,  assembly  and  pack  operations. 
Following  the  slide  presentation,  a short  film  will  be 
shown  covering  these  same  operations. 

Slide  1 

Receive  COMP  C4  Explosives  from  the  magazine. 

Slide  2 

Visual  inspection  of  the  COMP  C4  Explosives  to  detect 
foreign  objects.  At  this  point,  the  C4  is  introduced  in- 
to the  conveyor  system  in  buckets  as  shown  in  the  lower 
right  hand  corner. 
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Slide  3 


Overall  view  of  the  explosives  being  introduced  into  the 
conveyor.  You  will  note  the  overhead  speaker  as  these 
employees  have  constant  two-way  communication  with  the 
Control  Room. 

Slide  4 

The  overhead  conveyor  transports  the  explosives  through  a 
covered  ramp  to  the  extruder.  Bucket  in  right  hand  corner 
is  in  position  to  dump  COMP  C4  into  the  extruder  hopper. 

It  is  interesting  to  note  that  the  inbound  and  out  feed 
ramps  plus  the  extruder  building  are  protected  by  auto- 
matic sprinklers.  The  systems  in  the  extruder  building 
are  hi-speed,  activated  by  ultra-violet  detectors.  These 
detectors  also  activate  the  sprinklers  in  both  ramps  in 
addition  to  the  ones  in  the  building. 

Slide  5 

The  extruder  showing  the  out feed  and  reject  conveyor. 

Slide  6 

This  slide  depicts  the  lower  barrel  and  die  head  on  the 
extruder.  There  are  two  extruders  in  the  building 
separated  by  a TM  5-1300  wall. 
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Slide  7 


Aa  th«  extruded  material  exits  the  die  head, 
measured  by  photoelectric  cell.  When  the  proper  length 
i.  detected,  the  cutter  is  automatically  triggered  and 
.ever,  the  bloc*  from  the  ribbon.  As  the  block  proceeds 
to  the  short  section  of  conveyor  in  front  of  the  cutter, 
it  is  automatically  weighed.  If  it  is  within  tolerances, 
it  proceeds  to  the  outfeed  conveyor.  If  out  of  tolerance 
the  block  is  fed  back  into  the  hopper  for  re-extrusion. 


Slide  8 

The  product,  are  extruded  resotely.  This  slide  .how.  the 
interior  of  the  remote  control  room1 s closed  circuit  TV 
screens.  This  is  the  view  the  operator  see.  in  order  to 

operate  the  equipment. 


Slide  9 

The  Quality  Control  Inspector  measure,  the  block 


Slide  10 

The  Quality  Control  Inspector  checkweighs  the  block 


Slide  11 

Blocks  are  removed  from  the  conveyor  and  placed  in  trays 
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Slide  12 


The  trays  are  placed  in  index  buggies  and  transported  to 
the  assembly  line. 

Slide  13 

This  is  an  overall  view  of  the  demolition  block  assembly 
line. 

Slide  14 

The  operator  inserts*  the  demolition  block  in  plastic  bag. 


Slide  15 
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Machine  which  seals  the  end  of  the  bag  after  the  air  has 
been  evacuated. 

Slide  16 


Infrared  equipment  shrinks  the  plastic  bag  tightly  to  the 
block.  The  temperature  of  the  infrared  tunnel  and  speed 
of  the  conveyor  are  sensitive  and  rigidly  controlled  to 
prevent  the  block  from  over-heating.  The  entrance  and 
exit  tc  this  heat  shrink  operation  are  protected  by  ultra- 
violet fire  detectors  and  rate-of-rise  electronic  detectors. 

The  temperature  within  the  tunnel  is  checked  by  thermo- 
couples periodically  to  determine  the  exact  temperatures 
the  blocks  are  receiving  in  transient. 

Slide  17 

This  is  a view  as  the  blocks  exit  the  heat  shrink  tunnel. 

) 
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Slide  28 


This  is  the  automatic  stenciling  machine. 

Slide  19 

Operators  cutting  double  face  pressure  sensitive  tape. 

Slide  20 

Operator  applying  the  double  face  tape  to  the  demolition 
block. 

Slide  21 

The  finished  product  ready  to  be  packed  out. 

Slide  22 

Wire  bound  boxes  are  assembled  on  the  line  for  packout. 
Slide  23 

Operator  preparing  barrier  bags  for  insertion  into  the  wire 
bound  boxes. 

Slide  24 

Here  the  bag  is  being  inserted  into  the  box. 

Slide  25 

Demolition  blocks  are  packed  into  the  barrier  bag. 

Slide  26 

The  air  is  evacuated  from  the  barrier  bag  and  the  bag  is 
then  heat  sealed. 
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Slide  27 


The  boxes  are  closed  and  sealed. 

Slide  28 

The  lot  number  is  then  stenciled  onto  the  box. 

Slide  29 

The  boxes  of  demolition  blocks  are  transported  by  conveyor 
to  an  adjacent  building  where  they  are  palletized. 

Slide  30 

Boxes  are  loaded  onto  trucks  for  disposition. 

Slide  31 

An  interesting  item  is  the  construction  of  the  TM  5-1300 
wall.  The  amount  of  steel  this  wall  contains  is  almost 
unbelievable.  It  is  very  difficult  to  pour  and  compact 
the  wet  concrete  around  the  titeel  lacing.  This  TM  wall  is 
designed  for  250  pounds  of  explosives  and  actually  sepa- 
rates the  two  extruders. 
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FLUID  ENERGY  MILLING  OF  HMX 


Walter  J.  Moodie 
Mound  Facility* 
Miamisburg,  Ohio  45342 


ABSTRACT 

Fine-particle  HMX  powders  are  of  interest  for  a variety  of  applica- 
tions in  Department  of  Energy  weapons  programs.  A process  is 
described  for  producing  these  materials  in  two  stages:  first, 
precipitation  to  yield  a relatively  coarse,  free-flowing  product 
of  the  desired  polymorph,  followed  by  dry  grinding  in  a fluid  energy 
mill  using  air  as  the  working  fluid.  Surface  area  of  the  final 
product  can  be  specified  over  a wide  range  by  varying  the  parameters 
of  the  grinding  operation.  Inherent  safety  features  of  this  type 
of  mill  are  discussed,  in  addition  to  several  operating  procedures 
which  further  increase  the  safety  of  the  grinding  process. 

INTRODUCTION 

The  firing  characteristics  of  detonators  and  other  explosive  devices 
which  use  powdered  explosives  are  determined  to  a significant  extent 
by  the  particle  size,  size  distribution,  and  particle  shape  of  the 
explosive  powder.  This  has  led  to  a demand  for  fine  particle  size 
HMX  powders  for  a variety  of  applications  in  Department  of  Energy 
weapons  programs . 

With  other  explosive  compounds,  such  as  PETN  or  RDX,  particle  size 
can  be  controlled  over  a wide  range  by  suitable  selection  and  control 
of  the  parameters  of  the  recrystallization  process,  such  as  type  of 
solvent  and  precipitating  agent,  solution  concentration,  temperatures, 
order  of  addition,  addition  rate,  type  of  agitation,  etc.  With  HMX 
the  situation  is  complicated  by  the  fact  that  HMX  occurs  in  four 
polymorphic  forms:  alpha,  beta,  gamma  and  delta.  Some  of  the 
pertinent  properties  of  these  polymorphs  are  compared  in  Table  1. 


*Mound  Facility  is  operated  by  Monsanto  Research  Corporation  for  the 
U.S.  Department  of  Energy  under  Contract  No.  EY-76-C-04-0053 . 


The  beta  form  is  the  most  stable  at  ordinary  temperatures,  and 
also  has  the  lowest  impact  sensitivity,  therefore  beta  HMX  is  the 
preferred  polymorph  for  current  detonator  applications.  Unfortunately, 
high  surface  area  pure  beta  HMX  cannot  be  recrystallized  directly 
(to  the  best  of  our  knowledge) , as  conditions  which  produce  a very 
fine  crystal  size  also  favor  the  formation  of  the  other  polymorphs, 
usually  alpha  or  gamma.  In  other  words,  conditions  which  favor  the 
formation  of  beta  HMX  also  promote  crystal  growth,  resulting  in 
relatively  large  crystals  and  correspondingly  low  surface  area. 

FLUID  ENERGY  MILLING  - INHERENT  SAFETY  FEATURES 

Thus,  some  form  of  particle  reduction  is  necessary  to  produce  high 
surface  area  beta  HMX.  Ball  milling  (wet)  has  been  used,  but  one 
drawback  to  this  method  is  the  inherent  potential  of  contamination 
from  the  wear  products  of  the  grinding  media.  A second  disadvantage 
is  the  tendency  of  the  finely  divided  product  to  form  a dense  cake 
in  the  filtering  and  drying  process  to  remove  the  carrier  liquid. 

This  leads  to  a lumpy  product  and  the  lumps  are  usually  quite  dif- 
ficult to  break  up.  We  have  employed  a dry  grinding  process  utilizing 
a fluid  energy  mill,  with  a view  to  minimizing  these  problems.  The 
use  of  a fluid  energy  mill  for  grinding  explosives  was  reported  by 
Albus  in  1964  [1]. 

The  following  features  of  this  type  of  mill  are  important  from  the 
safety  standpoint,  although  they  obviously  do  not  guarantee  the  safety 
of  any  specific  application: 

- absence  of  heat  build-up  (Joule-Thompson  effect 
provides  cooling) 

- no  moving  parts 

- no  metal-to-metal  friction  or  moving  contact 

- no  compaction  of  powder 

- no  electrical  or  mechanical  spark  source. 

To  provide  additional  perspective  from  the  safety  standpoint,  HMX 
is  compared  with  other  explosives  with  respect  to  selected  physical 
properties  in  Table  2. 

RECRYSTALLIZATION  OF  BETA  HMX 

As  mentioned  previously,  the  recrystallization  of  HMX  to  produce 
predominantly  beta  HMX  yields  a relatively  low  surface  area  product. 

The  process  we  use  is  a scaled-up  and  modified  version  of  a Picat.inny 
Arsenal  small  scale  (5  g)  procedure.  HMX  is  dissolved  in  dimethyl- 
sulfoxide  (DMSO) , filtered,  and  added  slowly  to  an  ethanol/acetone 
mixture  with  stirring.  The  filtration  apparatus  and  the  precipita- 
tion vessel  are  shown  in  Figures  1 and  2,  respectively.  Initial 
crystallization  consists  of  a mixture  of  the  polymorphs,  mostly 
beta  and  gamma,  but  essentially  complete  transition  to  the  beta  form 
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occurs  during  the  latter  stages  of  the  addition  and  during  a sub- 
sequent digestion  period.  The  slurry  is  also  cooled  during  the 
digestion,  to  increase  yield.  The  batch  is  then  filtered,  rashed 
with  ethanol,  and  oven  dried  at  60°C.  Batch  size  is  1400  g,  yield 
approximately  92-94%.  The  final  product  is  95+%  beta  HMX,  usually 
with  a trace  of  alpha  and/or  gamma  HMX,  is  free  flowing,  and  has  a 
surface  area  of  approximately  1400  cm?/g  (equivalent  spherical 
diameter  = 22.6  uni)  . 

OPERATING  PRINCIPLE  OF  THE  FLUID  ENERGY  MILL 

The  low  surface  area  product  of  the  precipitation  process  is  used  as 
feed  material  for  the  fluid  energy  mill.  Model  MJ-4,  manufactured  by 
Fluid  Energy  Processing  and  Equipment  Company,  Hatfield,  Pa.  This 
is  the  lab  scale  mcdel  of  the  mill;  it  is  also  available  in  several 
larger  sizes.  The  mill  is  shown  assembled  in  Figure  3 and  disassembled 
in  Figure  4.  Air  enters  che  grinding  chamber  as  high  velocity  jets 
through  nozzles  around  the  inner  surface  of  the  manifold.  Feed  materi- 
al is  drawn  into  the  chamber  by  a venturi  jet,  and  introduced  into 
the  highly  turbulent  vortex  of  the  grinding  chamber.  Particle  re- 
duction occurs  primarily  by  collision  between  particles,  with  rela- 
tively little  occurring  as  a result  of  impact  with  the  chamber  sur- 
faces. Ceramic  liners  are  used  to  reduce  wear  and  to  minimize  metal 
contamination.  Centrifugal  force  tends  to  keep  the  larger  particles 
in  the  grinding  zone,  i.e.,  toward  the  outer  edge  of  the  grinding 
chamber,  while  the  finer  particles  move  toward  the  center  where  they 
are  removed  in  the  exhaust  air  stream  to  the  collector:  system.  The 
latter  consists  of  a stainless  steel  vessel  with  a deflector  on 
the  inlet  to  provide  centrifugal  separation  in  addition  to  gravity 
settling.  The  air  exhausts  through  a microweave  nylon  filter  cloth 
backed  up  by  a heavy  filter  paper  and  supported  by  expanded  metal. 

The  complete  apparatus,  including  screw  feeder,  fluid  energy  mill, 
and  collector  system,  is  shown  in  Figure  5. 

SAFETY  PROCEDURES 

With  the  inherent  safety  features  of  the  fluid  energy  mill  listed 
previously,  the  chief  potential  hazards  associated  with  the  milling 
operation  are  considered  to  be  the  impact  energy  due  to  particle 
collisions  and  the  possibility  of  a spark  due  to  static  discharge. 

The  following  safety  precautions  are  included  as  part  of  the 
operating  procedure: 

1.  Grinding  of  explosives  limited  to  those  materials  with 
relatively  low  impact  and  spark  sensitivity. 

2.  Multiple  grounding  of  equipment  to  prevent  accumulation 
of  static  charge. 

3.  Drive  motor  and  vibrating  motor  of  feeder  totally  enclosed 
and  air  purged  to  keep  dust  out  of  potential  spark  source 
areas . 
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4.  Speed  control  unit  (non  E P)  located  out  of  the  operating 
area. 

5.  Grinding  performed  in  increments  with  minimum  quantity  in 
the  system  at  any  given  time. 

6.  Rer  ^te  operation  --  operators  oucside  processing  cell 

d mg  grinding,  protected  by  blast  wall.  Cell  has  one 
blow-out  wall. 

7.  Standard  precautions  — conductive  floors  and  shoes, 
cleanliness,  awareness,  avoid  complacency,  etc. 

OPERATING  EXPERIENCE  AND  CONTROL 

To  date,  approximately  90  grind  increments  have  been  made  without 
incident,  the  quantity  (i.e.,  wt  of  feed)  ranging  from  10  to  192  g, 
with  an  average  of  96  g.  Products  have  been  obtained  with  surface 
areas  from  approximately  3600  to  31,000  cm2/g  (equiv.  spherical 
diameter  8.77-1.02  pm).  The  products  are  well  dispersed  and  free 
from  lumps.  Handling  properties  are  generally  good,  although  very 
fine  powders  are  susceptible  to  accumulating  a static  charge  and 
thus  can  become  difficult  to  handle  if  worked  excessively." 

The  surface  area  dependence  upon  the  principal  control  parameters, 
manifold  pressure  (more  exactly,  manifold  supply  pressure)  and  feed 
rate,  is  shown  in  Figures  6 and  7.  Increasing  the  manifold  pressure 
increases  the  particle  velocity  and  collision  energy,  resulting  in 
greater  reduction  of  particle  size.  Reducing  the  feed  rate,  thereby 
increasing  residence  time,  also  works  in  the  direction  of  reducing 
particle  size.  The  surface  areas  shown  were  measured  after  baking 
the  powders  and  thus  are  slightly  lower  than  the  corresponding  values 
after  grinding  but  before  baking.  The  graphs  indicate  that  control 
of  the  process  is  fairly  satisfactory,  assuming  a uniform  feed  rate 
can  be  maintained.  This  in  turn  requires  that  the  feed  material 
have  good  flow  properties  as  any  tendency  to  pack  in  the  screw  will 
result  in  an  erratic  feed  rate,.  The  seaming  electron  micrographs 
(SF.M)  in  Figure  8 show  the  reduction  in  particle  size  for  a typical 
grind.  Note  the  different  magnification  for  these  two  SEM's. 

SUMMARY 

Dry  grinding  of  beta  HMX  has  been  accomplished  on  a small  scale  in  a 
fluid  energy  mill  with  air  as  the  working  fluid.  A screw  feeder  is 
used  to  provide  a uniform  feed  rate,  and  a specially  designed  col- 
lector system  separates  the  product  from  the  exhaust  air.  The  sur- 
face area  of  the  product  can  be  controlled,  within  fairly  narrow 
limits,  over  a wide  range  by  varying  air  pressure  and  feed  rate. 
Inherent  safety  features  of  this  type  of  mill  and  special  working 
precautions,  including  adequate  grounding  of  equipment  and  remote 
operation,  combine  to  increase  the  safety  of  the  process. 

REFERENCE 

1.  Albus,  F.  E. , "The  Modern  Fluid  Energy  Mill,"  Chemical  Engineering 
Progress , 60,  No.  6,  June  1964,  pp.  102-106. 
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Table  1 - SELECTED  PROPERTIES  OF  THE  HMX  POLYMORPHS3 


HMX  Polymorph 


Property 

Beta 

Alpha 

Gamma 

Delta 

Crystal  System 

Monoclinic 

Orthorhombic 

Monoclinic 

Hexagonal 

Habit 

Massive 

Needles 

Massive, 

Platy 

Rods , 
Needles 

Stability  Range,  °C 

To  146 

146  - 156 

>156 

Metastabli 
All  Temps 

Density,  g/cm^ 

1.90 

1.82 

1.76 

1.80 

Impact  Sensitivity, 

cm  31-32 

5-50 

6-25 

6-12 

aRef erence : 

Physical  and 

Chemical  Properties  of  RDX 

and  HMX, 

Holston  Defense  Corporation 

, Control  No 

. 20-P-26 , 

Series  A,  March  1962. 
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ENVIRONMENTAL  EFFECTS  ON  ELECTROSTATIC  SENSITIVITY 
OF  ENERGETIC  MATERIALS 


L.D.  Haws,  L.W.  Collins,  and  A.  Gibson 
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Mound  Facility* 

Miamisburg,  Ohio  45432 


ABSTRACT 

The  surroundings,  in  addition  to  the  chemical  and  physical 
nature  of  the  energetic  material  itself,  markedly  affect  the 
sensitivity  of  energetic  material  to  electrostatic  stimuli. 

In  particular,  the  effects  of  temperature,  humidity  and  gas 
composition  on  the  electrostatic  sensitivity  of  selected 
pyrotechnic  ingredients  and  compositions  are  being  investigated; 
preliminary  results  are  presented  here.  In  similar  gaseous 
environments,  ignition  phenomena  were  also  characterized  by 
thermal  analysis  techniques.  Data  from  this  type  of  study 
should  be  a valuable  aid  in  establishing  sound  operational 
safety  criteria  for  processes  involving  these  materials. 


♦Mound  Facility  is  operated  by  Monsanto  Research  Corp.  for  the 
U.S.  Department  of  Energy  under  Contract  No.  EY-76-C- 04-0053 . 
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Introduction 


Within  the  past  few  years,  a number  of  agencies  involved  in 
the  design  of  explosive  devices  have  made  a commitment  to  utilize 
energetic  compositions  which  meet  performance  requirements  but 
are  less  susceptible  to  accidental  initiation  than  currently  used 
primary  explosives.  One  type  of  energetic  material  which  shows 
promise  in  a number  of  applications  is  metal  powder/oxidizer 
pyrotechnic  compositions.  Although  these  materials  have  a long 
history  of  use  in  certain  areas,  recent  applications  extend  into 
functions  traditionally  dominated  by  primary  explosives.  This 
prospect  of  increased  usage  of  pyrotechnics  necessitates  thorough 
scientific  studies  into  the  physical  and  chemical  properties  of 
these  materials  in  order  to  guarantee  component  reliability  and 
personnel  safety. 

One  of  the  primary  concerns  in  the  handling  of  pyrotechnic 
mixes  is  the  accidental  electrostatic  initiation  through  discharge 
from  a human  body.  While  we  can  measure  the  sensitivity  of  a 
material  to  electrostatic  discharge,  relatively  little  is  known 
as  to  the  mechanism  of  the  spark  interaction  or  the  factors  which 
affect  the  spark  sensitivity.  In  order  to  properly  evaluate  the 
safety  of  pyrotechnic  compositions,  we  felt  that  controlled  testing 
must  be  performed  to  delineate  those  factors  which  influence  the 
susceptibility  of  a material  to  spark  initiation.  The  results  of 
these  experiments  will  be  discussed  and  related  to  the  safe  handling 
of  pyrotechnic  materials. 

Experimental  Conditions 

In  order  to  evaluate  the  factors  which  influence  the  spark 
sensitivity  of  pyrotechnic  materials,  a versatile  electrostatic 
sensitivity  tester  was  fabricated  to  control  environmental  and  in- 
strumental parameters  designated  by  the  experimental  design.  The 
construction  and  operational  details  of  this  instrument  have  been 
reported  previously^.  Although  the  electrical  resistance  and 
capacitance  in  the  electrostatic  discharge  circuit  can  be  varied 
with  this  instrument,  all  testing  reported  here  used  constant  values 
of  500  ohms  and  600  pF  since  these  values  have  been  shown  to  be  a 
reasonable  electrical  simulation  of  a human  body.  Sample  si /e  and 
geometry  were  maintained  as  constant  as  possible,  as  were  spark  gap 
width  and  electrode  surface  condition. 
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For  each  data  point,  a sample  weighing  approximately  10  mg  was 
placed  in  the  electrode  cavity  and  the  spark  gap  adjusted  to  the 
proper  dimensions.  The  chamber  was  then  sealed,  and,  where  ap- 
propriate, evacuated,  and  back-filled  with  a selected  gas  compo- 
sition. The  voltage  was  then  selected,  the  capacitors  discharged 
across  the  gap,  and  the  results,  "ignition"  or  "no-ignition,"  were 
recorded.  In  order  to  qualify  as  a "no-ignition,"  a spark  must 
have  been  visually  observed  to  cross  the  gap.  Otherwise,  the 
capacitors  were  again  charged  and  discharged  without  changing  the 
sample.  If  the  spark  was  observed  but  no  ignition  occurred,  the 
same  sample  was  simply  rotated  to  expose  fresh  material  to  the 
spark  and  again  tested  at  the  higher  voltage.  Voltage  was  varied 
and  the  data  reduced  according  to  the  Bruceton  technique. 

Factors  Influencing  Spark  Sensitivity  of  Pyrotechnics 

Because  the  physicochemical  nature  of  the  spark  initiation  of 
pyrotechnics  is  not  well  understood,  experiments  were  conducted  to 
identify  material  and  environmental  factors  which  are  relevant  to 
this  process.  Five  different  factors  were  investigated: 

1.  Fuel  surface  area 

2.  Fuel  composition 

3.  Humidity 

4.  Atmospheric  composition 

5 . Temperature 

The  first  two  factors  are  characteristics  of  the  pyrotechnic  fuel 
and  can  practically  bo  varied  only  within  limits  established  by 
required  performances  and  mechanical  criteria.  However,  the  last 
three  factors  generally  do  not  affect  powder  performance  and  are 
controllable  in  production  environments.  These  factors  then 
illustrate  the  two  approaches  to  pyrotechnic  safety  - 1)  selection 
and  alteration  of  constituents,  and  2)  control  of  work  and  handling 
environment. 

Influence  of  Fuel  Properties 

In  order  to  establish  the  relationship  between  fuel  charac- 
teristics (surface  area  and  composition)  and  electrostatic  sensi- 
tivity, samples  of  TiH^  where  x = 0.69,  1.53  or  1.93  were  fractionated 
into  narrow  particle  size  ranges  using  a Bahco  Microparticle 

1693 


Classifier.  The  fractions  were  then  blended  with  potassium  per- 
chlorate in  the  ratio  of  33  wt  % TiH^  to  67  wt  % KCIO^  and  spark 
tested  as  previously  described.  Threshold  spark  sensitivity  was 
found  to  depend  upon  both  the  surface  area  and  composition  of  the 
fuel  as  shown  by  the  graph  in  Figure  1.  These  curves  show  chat  the 
spark  sensitivity  increases  as  the  hydride  content  decreases  or  as 
the  surface  area  increases.  Thus,  pyrotechnic  compositions  of  TiH  / 
KCIO^  can  be  made  safer  by  decreasing  the  fuel  surface  area  or  in- 
creasing the  hydrogen  content  witnin  the  constraints  of  performance, 
mechanical,  and  stability  requirements. 

Of  significance  also  was  the  fact  thrt  pyrotechnic  compositions 
of  TiH  ,/KClC . were  less  sensitive  than  the  corresponding  TiH  fuel 

A 1 X 

alone.  This  phenomenon  is  shown  in  Table  1. 

Influence  of  Environmental  Factors 

Experience  tells  us  that  it  is  easier  to  generate  a spark 
from  the  body  in  the  dry  Western  states  than  in  the  more  humid 
regions  of  the  country.  It  therefore  seems  reasonable  that 
humidity  might  influence  the  tendency  of  a material  to  be  ignited 
by  spark  although  the  exact  relationship  may  not  be  obvious.  Since 
our  instrument  permits  control  of  the  atmosphere  surrounding  the 
test  sample,  some  quantification  of  the  relationship  was  possible. 

As  the  humidity  increased,  the  spark  sensitivity  of  the  sample 
decreased  as  shown  in  Table  2.  Since  the  spark  sensitivity  at 
the  low  humidity  is  about  twice  that  at  the  higher  humidity,  the 
hazard  of  accidental  ignition  in  production  processes  can  be  sub- 
stantially reduced  by  working  at  an  elevated  humidity.  Due  to  the 
possible  damaging  effect  of  moisture  on  the  stability  of  some 
pyrotechnic  powders,  a compromise  sometimes  must  be  reached  to 
balance  risk  of  powder  degradation  wich  handling  safety.  For  most 
operations,  a working  humidity  of  40-60%  seems  to  be  a reasonable 
compromise . 

Atmospheric  composition  was  found  to  be  a key  element  in  the 
spark  initiation  of  the  TiH^  powders  and  pyrotechnics.  Some  mini- 
mum quantity  of  oxygen  is  necessary  for  spark  initiation  to  occur. 
This  effect  is  shown  in  Figure  2.  Above  this  minimum  requirement, 
the  threshold  is  independent  of  oxygen  concentration.  However, 
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below  this  minimum  level,  threshold  sensitivity  decreases  rapidly 
to  values  greater  than  50  kV.  This  is  a strong  indication  that 
spark  initiation  occurs  through  a fuel-oxygen  reaction  rather  than 
through  a pyrotechnic  reaction.  Thus  the  possibility  of  spark 
initiation  can  be  completely  eliminated  by  working  in  an  inert  atmosphere 
such  as  argon.  It  should  also  be  noted  that  while  nitrogen  gas  is 
sometimes  used  for  an  inert  atmosphere,  comparison  of  Figure  2 with 
Fieure  3 (See  also  Table  3)  shows  that  the  electrostatic  sensitivity 
is  greater  in  oxygen/nitrogen  mixtures  than  in  oxygen/argon  mixtures, 
indicating  a fuel-nitrogen  reaction.  Although  no  ignition  occurred 
in  pure  nitrogen,  oxygen  contamination  would  be  more  serious  in  a 
nitrogen  atmosphere  than  in  an  argon  atmosphere  since  the  minimum 
oxygen  concentration  required  for  ignition  is  lower  in  nitrogen 
than  in  argon. 

Several  of  the  pyrotechnic  samples  were  tested  at  100°C  to 
det' rmine  if  they  became  more  sensitive  as  the  temperature  increased. 

No  statistically  significant  difference  was  found  between  the  sensi- 
tivities obtained  for  the  high  temperature  and  ambient  temperature 
tests.  Thus,  within  reasonable  limits,  temperature  alone  will  not 
sensitize  a pyrotechnic  to  spark  initiation  and  does  not  influence 
handling  procedures.  However,  "hot"  pyrotechnics  are  generally  drier 
and  may  be  more  sensitive  than  material  equilibrated  with  room 
humidity  since  comparisons  were  based  on  a constant,  very-low  humidi- 
ty test  condition. 

Summary 

The  experiments  which  have  been  described  show  uat  TiH^  pyro- 
technic compositions  can  be  made  less  sensitive  to  accidental  electro- 
static discharge  initiation  by  using  material  with  a .low  surface 
area  or  by  increasing  the  hydrogen  content  of  the  fuel.  However, 
both  of  these  factors  must  be  balanced  against  performance  criteria 
established  for  the  blend.  Alternatively,  the  likelihood  of  acci- 
dental electrostatic  discharge  initiation  can  be  eliminated  by  handling 
the  powders  in  an  oxygen- free  environment  or  greatly  reduced  by  work- 
ing in  high  humidity  conditions.  It  was  also  demonstrated  that  in- 
creasing the  temperature  of  the  blend  to  100°C  did  not  substantially 
affect  the  spark  sensitivity  of  the  material. 
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SHIELDING  OF  FACILITIES  FOR  WORK  WITH 
PYROTECHNIC  AND  EXPLOSIVE  MATERIALS 


David  J.  Katsanis 
Chemical  Systems  Laboratory 
Aberdeen  Proving  Ground,  MD  21010 


.ABSTRACT 

A relatively  new  concept  is  presented  for  protection  to  the  area 
surrounding  hazardous  work  with  explosives.  Suppressive  shields  are 
vented  composite  steel  structures  which  are  designed  to  confine  all 
fragments  from  an  accidental  detonation  and  to  suppress  hazardous  blast 
and  flame  effects  to  a safe  level . 

Department  of  Defense  Explosives  Safety  Board  has  approved  five 
groups  of  suppressive  shields  for  protection  of  munitions  production 
operations  in  US  Army  Ammunition  Plants.  Safety  approved  shields  encompass 
seven  different  designs  which  range  in  size  from  a two  foot  diameter 
steel  shell  (Shield  Group  6)  to  a ten  foot  diameter  steel  cylinder 
(Shield  Group  3) . 

Studies  have  been  conducted  to  develop  a technological  base  for 
accurate  determination  of  shield  performance  parameters.  It  was  found 
early  in  the  program  that  available  data  base  was  inadequate  Tor  accurately 
predicting  the  blast,  fire  and  fragment  effects  that  would  occur  as  a result 
of  an  accidental  detonation  of  an  explosive  in  a shield  environment. 

Indepth  studies  resulted  in  development  of  suppressive  shield  design 
procedures  published  in  the  Suppressive  Shield  Design  Handbook  which 
provides  informal ion  needed  for  design  of  facilities  where  explosive 
materials  are  used  in  hazardous  operations. 

Details  on  safety  approval  shields  will  be  presented  with  technology 
study  results. 
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INTRODUCTION 


Viewgraph  1 - Title 

Suppressive  shields  are  a relatively  new  concept  for  providing 
protection  to  the  area  surrounding  hazardous  work  with  pyrotechnic 
and  explosive  material.  At  present,  these  operations  are  either  limited 
to  small  quantities,  widely  dispersed,  or  segregated  by  barricades. 
Suppressive  shields  provide  an  alternative  in  the  form  of  a vented 
steel  enclosure. 

Viewgraph  2 - Suppressive  Shield  Schematic. 

This  schematic  illustrates  the  concept  of  a suppressive  shield.  The 
enclosure  usually  consists  of  a structural  steel  frameworK  with  built-up 
panels  of  steel  angles,  I-beams,  perforated  plate,  or  louvered  panels. 
The  space  between  panel  components  allow  gaseous  products  of  combustion 
to  pass  through  while  suppressing  flame,  and  in  case  of  a detonation, 
reducing  blast  overpressure  to  a safe  level.  There  is  no  direct  path 
through  the  panel  for  fragments  to  pass  through.  All  fragmentation 
effects  are  confined  within  the  enclosure. 

The  shields  can  be  ary  size.  They  can  be  small  transportable 
laboratory  shields  or  large  structures  in  a building  similar  to  the 
concrete  barricades  sometimes  used. 

Viewgraph  5 - Typical  Concrete  Cubicles 

Typical  reinforced  concrete  barricades  arc  shown  here.  The 
barricades  are  designed  as  cubicles  with  three  walls  to  withstand 
direct  blast  pressure  and  to  prevent  propagation  of  a detonation  from 
one  area  to  the  next. 
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They  do  not  prevent  hazardous  run-up  reactions  where  a fire  can 
start  in  one  cubicle  and,  through  pyrotechnic  dust  in  the  air  or 
accumulation  on  equipment,  spread  from  one  cubicle  to  another  until 
the  entire  facility  is  in  flames. 

In  the  event  a detonation  occurs,  the  cubicles  do  not  prevent  wide 
dispersal  of  damaging  primary  and  secondary  fragments,  nor  do  they  prevent 
blast  overpressure  leakage  beyond  the  open  edges.  The  blast  overpressure 
fran  the  open  edges  of  the  cubicle  can  spread  over  the  outside  of  the 
building  wall  and  sometimes  is  large  enough  to  make  the  walls  collapse. 

A special  reinforced  building  design  can  prevent  this,  but  adds 
considerably  to  building  cost. 

Since  suppressive  shields  are  full  enclosures,  they  perform  in  a 
different  way  from  these  cubicles. 

Viewgraph  4 - Suppressive  Shield  Characteristics 

Suppressive  shields  will: 

- Confine  all  fragments  from  a detonation. 

- Attenuate  blast  pressure  to  a safe  level  in  all  directions. 

- Reduce  fireball  diameter  sufficiently  to  prevent  spreading  of 
the  fire  beyond  the  local  area. 

Another  particularly  attractive  feature  of  suppressive  shields  is 
that  they  are  modular  in  design  for  quick  erection  and  modification  to 
provide  maxinun  protection  and  flexibility. 

Viewgraph  S - General  Configuration  of  Suppressive  Shield  Groups 

Several  general  classes  of  shield  designs  have  been  conceived.  As 
shown  here,  some  ’nave  cylindrical  or  spherical  configuration  while  others 
are  rectangular  frame  and  panel  designs. 

Generally  the  configuration  is  governed  by  the  dominant  hazard,  i.e., 
blast,  fragment  or  flame.  If  blast  pressures  are  the  factors  which 
are  most  important  in  design  of  the  structure,  the  shield  will  usually 
have  a cylindrical  or  spherical  shape.  The  rectangular  frame  and  panel 
structures  are  typically  used  where  the  dominant  hazard  is  flame. 
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In  my  presentation  today,  I will  be  discussing  the  Group  6 Shield 
and  the  Group  5 Shield  to  illustrate  detail"  of  two  typical  applications. 
Hie  Group  6 Shield  illustrates  a unique  spherical  design  which  is  small 
and  portable  for  use  with  laboratory  quantities  of  primary  explosives. 
Hie  Group  5 Shield  demonstrates  the  modular  design  concept  that  makes 
suppressive  shields  an  attractive  alternative  to  inflexible  concrete 
barricades . 


DISCUSSION  OF  GROUP  b AND  GROUP  5 SHIELD  DESIGNS 

Viewgraph  6,  Group  6 Shield 

Hie  Group  6 Shield  is  spherical.  Hie  requirement  for  this  shield 
is  that  an  operator  be  capable  of  transporting  on  a push  cart  small 
quantities  of  extremely  hazardous  primary  explosive  material.  It  is 
not  feasible  to  vent  this  shield  because  of  the  hazardous  material 
involved  and  the  close  proximity  of  the  operator. 

The  two  foot  diameter  spherical  steel  shell  is  1/4  inch  thick  and 
weighs  about  200  pounds.  A rectangular  tray  is  used  to  carry  10  cups 
which  would  carry  about  70  grams  each  of  lead  azide  in  a typical 
application.  Total  weight  of  explosive  is  limited  to  700  grams  lead 
azide  or  equivalent. 

I will  illustrate  one  interesting  use  of  this  shield.  Although  it 
is  not  a laboratory  application,  it  is  interesting  because  it  shows  how 
quantities  of  initiating  or  primary  explosions  can  be  handled  in 
detonator  production  without  exposing  operating  personnel  to  explosive 
hazards. 

Viewgraph  7,  Group  6 Shield  on  Cart  with  Operator 

Use  of  this  shield  will  result  in  about  3 million  dollars  savings 
in  modernization  of  the  detonator  production  line  at  Iowa  Army  Ammunition 
Plant.  Costly  automatic  conveyors  are  replaced  by  a manual  system  which 
makes  use  of  the  Group  6 Suppressive  Shield  mounted  on  a cart  as  shown. 
The  ring  at  the  front  mates  with  an  opening  in  a storage  barricade. 
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Viewgraph  8,  Test  Fixture  Set- 

This  fixture  for  mechanical  function  testing  illustrates  the 
attachment  of  the  shield  to  the  barricade.  Tht.  operator  rolls  the  cart 
up  to  the  barricade.  The  clamp  at  the  barricade  is  closed  and  locks 
the  shield  to  the  barricade.  Transport  mechanisms  remove  the  tray  with 
explosive  material  from  the  shield.  At  no  time  is  the  operator  exposed 
to  explosive  hazards. 

A series  of  tests  were  conducted  to  verify  the  adequacy  of  the 
design. 

Viewgraph  9,  METV  Before  Test  6 

This  is  a photograph  of  the  set  up  for  proof  test  of  the  system. 

The  Group  6 test  shield  is  supported  by  a wooden  frame  and  is  attached 
to  the  storage  barricade  in  the  middle  of  the  photograph. 

Viewgraph  10,  Summary  of  Proof  Test  Data 

Summary  data  from  proof  tests  show  that  the  Group  6 Shield  and  the 
Storage  Barricade  are  adequately  designed.  The  system  contained  all 
effects  from  blast  of  service  charge  with  a sound  level  of  146  db 
outside  the  shield.  One  hundred  forty-six  is  roughly  the  noise  level 
from  firing  a service  rifle  sue?  a-.  ' e M-16  rifle.  Ear  protection  is 
desirable  but  a single  exposure  .i'  ten  produce  no  ear  damage.  This 
indicates  a safe  environment  for  th  operator.  A charge  weight  of  307 
grams  C-4  (371  above  the  desigr  rervice  charge)  was  requireo  to  rupture 
the  shield.  The  proof  charge  which  is  251  above  service  charge  caused 
a bulge  in  the  bottom  of  the  shield  but  no  rupture. 

Now,  I would  like  to  discuss  an  entirely  different  suppressive 
shield  design.  The  Group  5 suppressive  shield  is  designed  for  use  with 
pyrotechnic  material. 

Although  the  example  I will  be  showing  here  is  a Jarge  fixture, 
these  shields  can  be  scaled  down  in  size  for  laboratory  use  or  modified 
to  meet  special  requirements. 

Viewgraph  11  - Group  S Panels  on  Ground 

One  of  the  features  that  adds  to  suppressive  shield  utility  is  their 


| 
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modular  design  illustrated  here.  These  panels  for  the  Group  5 shield 
are  laid  out  by  the  foundation  ready  for  assembly. 

Each  panel  is  about  10  feet  long  and  5 feet  wide.  When  erected 
they  form  a cube  10  feet  long  on  each  side. 

Viewgraph  12  - Category  5 Panel  Section 

Each  panel  is  a composite  structure  with  a double  row  of  inter- 
locking structural  steel  angle  beams  arranged  as  shown  in  the  viewgraph. 
There  are  three  perforated  plates,  one  on  the  outside  and  two  on  the 
inside.  Wire  screening  was  added  between  the  panel  layers  for  additional 
flame  suppression,  but  it  proved  ineffective.  Tests  demonstrated  that 
there  was  sufficient  exposed  metal  surface  to  suppress  flames  effectively 
without  the  addition  of  metal  screens. 

Viewgraph  13 

Here,  the  panels  are  being  moved  into  place.  The  modular  characteristic 
simplifies  the  alteration  of  facilities  to  meet  changing  requirements. 

Viewgraph  14  - Group  5 Shield 

This  is  the  Group  5 shield  ready  for  test.  This  shield  has  been 
approved  for  use  with  1.84  pounds  of  C-4  or  30  pounds  of  illuminant  mix. 

The  Group  5 shield  is  especially  designed  for  flame  suppression.  The 
structure  is  not  as  heavy  as  those  intended  to  withstand  the  comparatively 
large  transient  blast  overpressures  of  a detonation.  The  design  has  a 
large  surface  area  and  volume  of  steel  to  absorb  heat  and  suppress  flames. 
The  venting  of  gaseous  products  of  combustion  precludes  significant 
pressure  and  burning  rate  increase  inside  the  shield  with  propellent  or 
pyrotechnic  material . 

To  determine  limits  on  flame  suppression  capability  of  this  shield, 
thermal  suppression  studies  have  been  conducted  beyond  those  required  for 
the  safety  approval  proof  tests  mentioned  previously. 
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Viewgraph  15  - Suppressive  Shield  Group  5 Testing 

The  tests  are  summarized  on  this  viewgraph. 

Single  base,  multiperforated,  M10  gun  propellant  in  bulk  was  used  in 
the  propellant  tests.  Hie  illuminant  material  is  a 50:50  mix  of  sodium 
nitrate,  and  powdered  magnesium.  Hie  safety  approval  tests  were  conducted 
with  a smaller  charge  weight  than  that  shown,  30  pounds  of  the  illuminant 
mix.  To  be  complete,  the  proof  test  charge  of  2.5  pounds  is  shown.  That 
charge  weight  stressed  the  shield  structure  to  its  limit  and  was  not 
increased. 

Viewgraph  16  - Sensor  Location  for  Group  5 Suppressive  Shield  Tests 

Instrumentation  layout  for  the  tests  is  shown  here  (see  table  below: 
Instrumentation  for  Group  5 Suppressive  Shield  Tests).  Burning  time  was 
measured  using  photocells  in  the  shield  wall.  Thermocouples  in  the  bulk 
pyrotechnic  were  used  to  obtain  an  indication  when  the  material  was 
completely  burned.  Static  overpressure  was  measured  on  large  charges  to 
estimate  confinement  effects.  Radiant  heat  flux  outside  the  shield  was 
measured  with  Keithley  860  flux  meters.  Blast  pressure  was  recorded 
inside  and  outside  the  shield  when  explosive  material  was  detonated  in 
the  shield.  High  speed  motion  picture  coverage  was  included  on  all  shots. 
Video  display  of  each  test  in  the  instrument  building  was  also  recorded. 

Viewgraph  17  - Free  Field  Illuminant  Test  Configuration 

For  comparison,  free  field  temperatures  and  pressures  were  measured 
using  instrument  configuration  shown  here.  Thermocouples  were  on  a line 
in  one  direction  spaced  at  5 foot  intervals  and  pressure  was  measured  in 
a direction  perpendicular  to  the  thermocouple  line.  Black  and  white,  and 
color  film  coverage  was  also  included. 

Viewgraph  18  - Test  Set  Up 

This  is  a photograph  of  a typical  test  set  up. 
was  closed  during  test. 


The  open  shield  door 


INSTRLKEOTATION  FOR  GROUP  5 S/S  TF.STS 


Measurement 

— ^er  ■ Parameter  Transducer 


00 

Timing 

N/A 

01 

Burning  Time 

Photocell 

Monsanto 

02 

Burning  Time 

MT- 2 

03 

Burn  Rate 

Pe-Constantan 

04 

Burn  Rate 

Thermocouple 

OS 

Bum  Rate 

Breakwire 

06 

07 

08 

09 

Static  press 

Static  press 

MB151-DBZ-177 
in  Hibe 
PCB101A02  in 
Baffle  Mount 

10 

Blast  press 
(face-on) 

ST- 2 in 

Wall  Mount 

11 

Heat  flux 

Keithley  860 

12 

13 

14 

Heat  flux 

Keithley  860 

41 

42 

43 

44 

Blast  press 
»» 

• » 

»♦ 

ST-7H  in 

Aerodynamic 

Probe 

Installed 


Amplifier 

*.  vu 

Time  Constant 

Recorder 

N/A 

— 

Sangamo  4700 

Trans data 

1 msec 

Sangamo  4700 

NEFF109-6 

1 msec 

Sangamo  4700 

NEFF109-6 

100  msec 

Sangamo  4700 

NEFF109-6 

100  msec 

Sangamo  4700 

N/A 

1 msec 

Sangamo  4700 

NEFF109-6 

10  msec 

Sangamo  4700 
Sangamo  4700 

NEFF109-6 

10  msec 

Sangamo  4700 
Sangamo  4700 

PCB401A13 

200  msec 

Sangamo  4700 

N/A 

1 sec 

Sangamo  4700 

N/A 

1 sec 

Sangamo  4700 

PCB401A11 

200  msec 

Biomation  610B 
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Viewgraph  19  - Heat  Flux  as  a Function  of  Time 

Heat  flux  data  transients  five  feet  from  outside  of  the  shield  (about 
10  feet  from  the  charge)  are  shown  with  dashed  lines.  The  solid  lines 
are  from  heat  flux  measurements  about  10  feet  from  charges  burned  in 
the  open.  This  is  the  same  total  distance  from  the  charge  as  for  the  shield 
tests.  Comparison  between  open  air  and  shielded  heat  flux  shows  85% 
reduction  in  peak  radiant  flux  for  a shielded  50  pound  charge. 

Preliminary  propellant  tests  using  a maximum  charge  weight  of  590 
pounds  of  M-10  single  base  multiperf orated  propellant  in  bulk  with 
0.0185  inch  web  resulted  in  no  pressure  rise  in  the  shield.  High  radiant 
heat  flux  outside  the  shield  wall  indicated  a need  for  improved  thermal 
Suppression.  This  work  is  not  finished.  The  viewgraph  lists  some  areas 
where  more  study  is  needed. 

Viewgraph  20  - Research  Needed 

An  exhaustive  search  of  the  literature  to  identify  hazards  and  improved 
thermal  suppression  techniques  has  revealed  a need  for  more  research  in 
this  area. 

Methods  do  exist  for  estimating  free  field  radiant  flux,  fireball 
diameter,  and  burning  time  for  unconfined  pyrotechnic  material,  but  there 
is,  at  present,  no  method  to  compute  attenuated  thermal  effects  when  a 
suppressive  shield  is  used.  Predictive  models  are  needed. 

Investigation  of  nonuniform  venting  has  been  initiated,  but  that  work 
is  not  complete.  Much  work  is  required  to  develop  the  basic  technology 
necessary  to  design  optimal  shields  for  flame  suppression. 

As  a result  of  extensive  investigation  of  blast  and  fragment  effects 
the  technology  for  those  hazards  is  well  understood.  Predictive  techniques 
for  suppressive  shield  performance  in  attenuating  blast  and  fragment 
hazards  have  been  developed.  The  next  few  viewgraphs  just  briefly 
indicate  the  scope  and  results  of  that  investigation. 
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SAFETY  APPROVED  SHIELDS 


Viewgraph  21  - Safety  Approved  Suppressive  Shields 

To  insure  that  Department  of  Defense  safety  offices  approve  site 
plans  which  incorporate  suppressive  shields,  we  have  designed,  fabricated, 
and  proof  tested  several  designs  as  listed  here. 

The  characteristics  of  the  shields  approved  by  the  Department  of 
Defease  Explosives  Safety  Board  are  summarized  in  the  viewgraph.  They 
include  sizes  and  charge  weights  typical  to  munitions  manufacturing, 
but  they  can  be  scaled  up  or  down  in  size  or  charge  weight  to  meet 
special  laboratory  requirements. 

As  this  table  indicates,  suppressive  shields  are  approved  for  use  in 
hazardous  operations  involving  explosive  charge  weights  up  to  the 
equivalent  of  37  pounds  50/50  pentolite  for  Group  3 and  30  pounds  of 
illuminant  mix  for  Group  5. 

Approved  shield  sizes  range  from  the  2 foot  diameter  spherical  steel 
shell  of  Group  6 to  the  111*  foot  diameter  cylindrical  Group  3 shield. 

The  operator  safe  distance  shown  is  the  distance  from  the  exterior 
wall  that  an  operator  can  be  located  and  not  be  injured  by  blast  over- 
pressure or  flame  venting  from  the  shield  when  detonation  or  deflagation 
occur  within  the  shield. 


TECHNOLOGY  SUMMARY 

Viewgraph  22  - Applied  Technology  Participants 

The  suppressive  shield  designs  that  we  have  been  discussing  are  based 
on  a major  four-year  effort  by  organizations  listed  here. 

The  roles  they  played  are  indicated  on  the  viewgraph. 

The  lead  organization  for  suppressive  shield  technology  development 
was  Edgewood  Arsenal,  now  called  Chemical  Systems  Laboratory.  Recent 
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Army  reorganization  has  reassigned  responsibility  for  suppressive 
shielding  to  Large  Caliber  Weapon  Systems  Laboratory,  ARRADCCM,  at 
Dover,  New  Jersey. 

Viewgraph  23  - Technology  Flow  Chart 

Technology  development  has  proceeded  along  the  lines  illustrated  in 
this  flow  chart. 

Hazards  identified  are  classified  as  blast,  fragment  and  fireball. 
Description  of  each  of  these  hazards  is  essential  to  design  of  a shield. 

Each  of  these  hazards  poses  a special  problem  to  the  designer  and 
requires  consideration  not  only  in  terms  of  its  own  features,  hit  also 
in  terms  of  combined  effects  of  all  hazards  acting  together. 

The  next  step  is  to  develop  procedures  to  predict  suppression  of 
blast,  fragment  aiv  flame  hazards.  The  nature  of  the  suppression  governs 
the  magnitude  of  the  loads  imposed  on  the  structure.  A safe,  economical 
shield  must  be  designed  to  withstand  loads  imposed.  Suppression  and 
design  tradeoffs  are  made  to  obtain  the  best  shield  which  satisfies 
hazard  suppression  requirements  to  provide  a safe  environment  at  miniiiial 
cost . 

On  blast  environment,  a predictive  capability  for  characteristics  of 
free  air  blast  is  available  in  the  literature.  In  the  technology  program 
techniques  were  developed  for  defining  internal  transient  and  quasi-static 
blast  overpressures,  pressure  loads  on  the  shield  and  attenuated  pressure 
external  to  the  shield. 

The  second  major  .-Accent  to  be  considered  in  the  design  of  a suppressive 
shield  is  the  fragment  threat.  As  we  initiated  our  technology  studies  we 
found  much  was  known  about  primary  fragment  hazards  but  little  was  known 
about  secondary  fragment  hazards.  Primary  fragments  are  tlrose  from 
material  in  direct  contact  with  detonating  composition.  Secondary 
fragments  are  from  surrounding  equipment,  not  in  direct  contact  with 
the  composition  that  detonates. 


It  was  necessary  to  establish  a methodology  to  predict  secondary 
fragment  hazards  and  fragment  suppression  characteristics  of  the  composite 
structural  steel  walls  of  a suppressive  shield. 

Viewgraph  24-  Suppressive  Shield  Technology  Summary 

As  a result  of  the  Suppressive  Shielding  Program,  engineering  method- 
ology is  available  for  modifying  or  scaling  approved  designs  to  meet 
specific  munitions  plant  requirements.  Where  approved  designs  do  not 
exist  to  meet  certain  requirements  there  is  an  engineering  methodology 
for  design  and  proof  test  of  new  shields. 

This  methodology  is  presented  in  an  engineering  design  handbook  for 
suppressive  shields,  published  by  the  US  Army  Corps  of  Engineers,  Huntsville 
Division,  Huntsville,  Alabama. 

Viewgraph  25  - Suppressive  Shield  Engineering  Design  Handbook 

This  viewgraph  is  a list  of  the  chapter  titles  in  the  handbook.  The 
information  contained  in  each  chapter  is  also  shown. 

Methods  for  modifying  suppressive  shields  to  meet  specific  production 
line  requirements  are  given  in  Chanter  II  - Safety  Approved  Shields. 

If  a new  shield  must  be  designed,  Information  in  Chapters  III,  IV  and 
V are  used. 

Chapter  VI  - Structural  details,  has  recommended  designs  for  personnel 
doors,  conveyor  doors,  as  well  as  other  penetrations  for  utilities  and  the 
like. 

Economic  analysis  methods  and  quality  assurance  factors  are  included. 

With  this  handbook,  scientists  or  engineers  requiring  hazardous 
operation  protection  can  select,  modify  or  design  a suppressive  shield 
for  their  required  use.  This  handbook  is  available  through  DDC  or 
National  Technical  Information  Service  and  provides  an  alternative 
protective  method  previously  not  available  to  provide  increased  protection 
to  personnel  involved  in  hazardous  operations. 

Gentlemen,  it  has  been  my  pleasure  to  brief  you  today.  Thank  you  for 
your  attention. 
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VIEWGP.APH  20  --  RESEARCH  REELED 
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ABSTRACT 

Frangible  surrounds  consisting  of  sand  have  been  used  successfully 
within  spherical  portable  complete  containment  vessels  to  suppress  pipe  bomb 
fragmentation  damage.  Initial  design  criteria  for  frangible  surrounds  con- 
structed with  sand  or  plaster-of-Paris  have  been  established  for  the  effec- 
tive suppression  of  fragment  damage.  More  effective  materials  have  been 
identified.  The  mechanisms  of  preventing  fragment  damage  have  also  been 
identified. 


INTRODUCTION 

Battelle' s research  on  fragment  damage  suppression  began  during  a 
research  program  for  the  development  of  portable  chambers  to  contain  the  blast 
and  fragments  from  "terrorist"  pipe  bombs.*  During  this  program  the  technical 
monitor,  Mr.  Lennard  Wolf son  of  the  U.S.  Naval  Explosive  Ordnance  Disposal 
Facility,  suggested  that  an  additive  mass  annulus  of  sand  could  slow  down  the 

Initial  velocity  of  the  fragments  so  that  they  would  not  perforate  the 

. (1)** 
chamber's  walls. 

* A paper  on  the  development  and  testing  of  these  chambers  has  been  pre- 

sented during  the  "Safety  in  Transport"  session  of  this  Seminar. 


Mr.  Joseph  Backofen  of  Battelle's  Columbus  Laboratories  had  also 

previously  used  a similar  technique  of  an  annulus  of  water  in  the  form  of  a 

disposable  pool  in  which  a large  soft  plastic  bucket  was  immersed  so  that 

fragments  from  prototype  controlled  fragmentation  shells  exploded  in  the 

bucket  could  be  slowed  down  and  collected  without  damaging  them  or  Battelle's 

(2) 

8-lb-capacity  containment  facility.  On  the  basis  of  the  past  experience, 
Mr.  Wolfson's  concept  was  expanded  to  Include  an  air  gap  of  variable  size 
between  the  explosive-filled  pipe  and  the  sand  annulus  so  that  the  restraint 
medium  would  not  need  to  be  matched  to  any  particular  threat.  This  configura- 
tion would  also  then  allow  the  restraint  medium  to  be  sized  to  the  maximum 
containment  capacity  of  the  chamber  and  still  permit  its  use  with  any  smaller 
threat. 

Upon  successful  completion  of  the  objectives  of  the  first  program, 
it  was  suggested  that  research  continue  separately  on  the  subject  of  frangible 
surrounds.  Two  other  research  programs  were  funded  in  the  next  cwo  years  to 
find  an  expression  that  would  enable  engineering  estimates  of  the  amount  of 
materials  that  would  be  needed  to  suppress  a particular  fragmenting  munition 
and  to  determine  the  effectiveness  of  various  frangible  restraint  materials. 


OBJECTIVE 


The  summed  objectives  of  the  three  programs  can  be  expressed  by 
the  following: 

• Develop  a practical  inexpensive  lightweight  method 

of  suppressing  fragment  damage  to  portable  containment 
structures. 

• Determine  ways  to  scale  a controllable  parameter  that 
determines  the  threshold  for  fragment  damage. 

• Determine  the  sequence  and  significance  of  the  inter- 
actions between  the  fragments,  frangible  surround,  and 
the  structure. 


TECHNICAL  DISCUSSION 


The  effort  expended  in  the  first  program  quickly  demonstrated  that 
a relatively  thin  annulus/layer  of  sand  could  be  used  to  suppress  fragment 
damage  to  the  inside  of  the  containment  structure.  This  research  was  per- 
formed in  a 2-foot-long  section  of  3-ft-diameter  pipe  lined  with  one  foot 
square  witness  plates.  Composition  C-4  explosive  filled  6-inch  lengths  of 
2-lnch-diameter  schedule  40  pipe  with  a single  end  cap  were  suspended  within 
the  annulus  of  restraint  material  and  above  a layer  of  restraint  material/ 
air  gap/witness  plate.  Figure  1 illustrates  the  arrangement  and  results  of 
a typical  experiment. 

In  the  series  of  eleven  experiments  it  was  determined  that  a thick- 
ness of  2.5  inches  would  be  required.  This  annulus  of  sand  could  be  in  contact 
with  the  pipe  or  up  to  an  air  gap  of  one  pipe  radius  away  and  still  be  suf- 
ficient to  preclude  damage  to  the  containment  structure.  This  restraint 
was  used  successfully  in  contact  with  pipe  bombs  exploded  within  the  2-ft- 
diameter  portable  spherical  complete  containment  chamber.  The  sand  precluded 
fragment  damage  to  the  walls  and  door  operating  mechanism  of  the  chamber/1^ 

Although  this  frangible  additive  mass  annulus  of  sand  concept  was 
sufficient  for  use  in  the  portable  containment  chamber,  the  nature  of  the 
discovery  warranted  further  investigation  to  identify  the  processes  removing 
energy  from  the  fragments.  These  processes  were  at  first  confusing  for  the 
following  reasons: 

(a)  Placing  the  additive  weight  into  the  Gurney  equation 
for  fragment  velocity  from  fragmenting  cylindrical 
shells  yielded  velocities  high  enough  that  the  frag- 
ments should  have  perforated  the  witness  plates. 

(b)  Using  (a)  to  generate  the  same  velocity  for  both 
fragments  and  sand  and  then  assuming  that  the  frag- 
ments remain  behind  the  sandO)  until  witness  plate 
impact  would  still  allow  the  fragments  to  perforate 
the  sand^*^)  and  witness  plates. 

The  initial  experiments  of  the  second  program  were  done  in  an  open 
chamber  set  up  as  shown  in  Figure  2.  The  plates  were  instrumented  with 
aluminum  foil  arrival  switches.  The  time  of  arrival  and  witness  plate  damage 
were  noted  for  a series  of  twenty  experiments  having  eighteen  different  con- 
figurations of  explosive  filled  pipe,  air  gap,  and  restraint  medium.  Later 


) 
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experiments  utilized  arrival  switch  instrumented  witness  plates  and  two  channels 
of  300  Kev  Field  Emission  radiograph  equipment  as  shown  in  Figures  3 and  4 to 
get  pictures  of  the  interactions  between  the  fragments  and  the  frangible 
restraint  media.  A sample  radiograph  is  shown  as  Figure  5.  In  these  thirty 
experiments  the  size  of  the  explosive  filled  pipe,  the  air  gap,  and  the 
material  used  in  the  frangible  surround  were  varied  in  twelve  different  con- 
figurations to  form  a matrix  of  fragment  velocity  and  witness  plate  damage 
data.  The  materials  used  in  the  surround  included  sand,  plaster-of-Paris, 
and  hollow  ceramic  microballoons.* 

The  general  progression  of  events  after  detonator  firing  was  deter- 
mined to  be  the  following^: 

• The  explosive  detonates  and  accelerates  the  pipe. 

• The  pipe  fragments. 

e The  fragments  impact  the  inner  wall  of  the  restraint 
medium  cylinder  (frangible  surround). 

• The  restraint  material  and  pipe  fragments  fly  toward 
the  witness  plates. 

• The  blast  wave  reaches  the  witness  plates. 

• The  restraint  material  reaches  the  witness  plates. 

• The  fragments  collide  with  the  restraint  material. 

• The  fragments  may  collide  with  the  witness  plates. 

The  theory  previously  expressed  as  (b)  that  the  frangible  surround 
was  simply  coming  to  rest  and  then  being  impacted  by  the  fragments  which  could 
then  penetrate  the  relatively  thin  layer  and  the  witness  plate  was  put  to 
teat  by  firing  a pipe  having  a charge  hollowed  out  so  that  the  fragment 
velocities  approximated  those  measured.  Figure  6 illustrates  the  results. 

The  fragments  perforated  the  witness  plates. 

The  second  program's  experiment,  data  Implied  that  a unit  length 
strip  explosive  charge  to  pipe  + frangible  surround  mass  ratio  of  less  than 
0.0S8  was  generally  required  to  suppress  significant  (measurable  by  hand  and 
eye)  indentations  in  the  witness  plates.  The  following  relationship  was  also 
determined  for  the  velocity  of  the  frangible  sbrround  material  and  fragments 
before  impact  at  the  witness  plates. 


* Eccospherea  FAA  manufactured  and  supplied  by  Emerson  & Cuming,  Inc., 
Northbrook,  Illinois. 
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m + ^][1  + 0.0221 
r 2* 


JE__)  “0.927.  2 

+ m ' * f 


2Kc 


where 


m^,  m , and  c are  the  unit  length  weight  of  the  pipe, 
restraint  medium,  and  explosive  charge  respectively,  lb/in. 

Vj.  is  the  velocity  of  the  fragments,  ft/sec 

2E  is  the  square  of  the  Gurney  velocity  for  C-4,^2E  » 7880  ft/sec^. 
This  equation  is  a form  of  an  energy  balance  like  the  Gurney  equation,  but  it 

also  includes  a term  for  energy  expended  during  disruption  of  the  frangible 

, (6) 

surround . 


Since  the  matrix  of  experiments  from  the  second  program  was  rather 

large  and  sparsely  populated,  a follow-on  effort  was  funded  a year  later  to 

substantiate  the  scaling  relationships,  investigate  the  interactions  occurring 

at  the  witness  plate  surface,  and  examine  the  effectiveness  of  other  materials. 

The  research  in  this  third  program  confirmed  the  velocity  scaling  relationship 

for  a larger  variety  of  explosive  charge  to  total  mass  rctios  per  unit  length, 

/ o\ 

c/(mf  + mr),  ranging  from  0.038  to  0.11.v  ' Figures  7 and  8 illustrate  the 

reduction  of  flash  radiograph  position  data  by  graphical  methods  into  velocity 

data  for  the  two  programs.  The  lack  of  far-field  damage  to  the  reinforced 

concrete  walls  of  Battelle's  40-ft  diameter  complete  containment  facility  was 

noted  for  each  experiment  in  order  to  provide  far-field  damage  data.  The 

threshold  of  damage  to  near-field  witness  plates  was  further  substantiated 

to  be  at  a c/(m,  + m ) of  0.058  for  sand  and  plaster-of-Paris  frangible 

(8)  1 r 

surrounds.  However,  frangible  surrounds  made  from  materials  such  as  micro- 
balloons,  plaster/mlcroballoon  mixtures,  and  sand/epoxy  suppressed  damage  at 
c/(mf  + m^)  of  0.120,  0.106,  and  0.087  respectively.  The  scaling  relationship 
for  fragment/media  velocity  had  to  be  changed  to  the  following  in  order  to 
account  for  the  greater  absorption  of  energy  by  the  microballoon  restraint 
medium. ^ ^ 


[mf  + mr  + fill  + 0.0375  <-  c 


♦ „:>-0,967ivf2  - 2Ec 


(2) 


"f  r 

Both  this  equation  and  the  previous  equation  are  fitted  through  their  respec- 
tive data  points  in  Figure  9.  Sufficient  experiments  were  not  performed  with 
plaster/microballoon  mixtures  or  sand/epoxy  to  enable  a determination  of  their 
increased  effectiveness. 
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The  flash  radiographs  taken  during  the  third  program  Illustrated 
the  following: 

• The  restraint  medium  (frangible  surround)  cloud  reaches 
the  witness  plates. 

• The  restraint  medium  packs  up  at  high  pressure  on  the 
surface  of  the  witness  plates  as  the  plates  accelerate 
under  the  Impulse. 

• The  fragments  Impact  the  compressed  restraint  medium. 

This  demonstrated  that  the  restraint  medium  was  Impacting  to  form  an  impervi- 
ous barrier  on  the  surface  of  the  plate.  This  has  not  been  analyzed  to  date. 
The  dynamic  compaction  cannot  be  estimated  at  the  present  time  because  the 
inpacts  occur  as  individual  particles,  each  of  which  can  generate  a "water 
hammer"  impact  pressure.  This  pressure,  however,  can  only  be  held  by  the 
particle  for  a brief  period  related  to  the  speed  of  sound  in  the  particle  and 
its  dimension  along  the  impact  velocity  vector.  Unfortunately,  the  speed  of 
sound  in  the  particles  and  impacting  particle  sizes  are  unknown.  However,  on 
the  basis  of  observations  in  a few  experiments  using  Primacord-filled  glass 
tubing  surrounds  and  a shock-mounted  Susquehanna  Instruments  ST-4  piezo- 
electric pressure  transducer,  these  time  durations  are  anticipated  to  be  of 

(9) 

submicrosecond  order . 

From  these  observations,  it  can  only  be  concluded  that  the  impacting 
restraint  medium  forms  a very  dense  protective  covering  on  the  surface  of  the 
witness  plates  and  that  this  layer  absorbs  the  impact  of  the  fragments.  The  . 
effectiveness  of  this  layer  is  dependent  upon  the  material  used  for  the  fran- 
gible surround.  The  effectiveness  is  also  somewhat  dependent  upon  the  velocity 
of  impact  of  the  material  against  the  witness  plates  and  the  impact  velocity 
of  the  fragments. 

The  delivery  of  significantly  more  mass  over  a longer  period  of  time 
at  the  surface  of  a structure  can  lead  to  enhanced  coupling. This  en- 
hanced "blast"  'Bust  be  able  to  be  withstood  by  the  structure  being  protected 
from  fragment  damage.  In  the  case  of  the  spherical  portable  chamber  using 
cylindrical  pipe  bombs  and  sand  as  the  restraint  material  in  the  surround, 
this  led  to  a significant  egg  shape  after  three  experiments. 
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CONCLUSIONS 


Initial  design  criteria  for  frangible  surrounds  constructed  with 
sand  or  plaster-of-Paris  have  been  established  for  the  effective  suppression 
of  fragment  damage.  More  effective  materials  have  been  identified.  The 
mechanisms  of  preventing  fragment  damage  have  also  been  identified.  But 
more  research  for  fragment  damage  protection  by  this  technique  still  remains 
to  be  performed. 
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(a)  Arrangement  of  Experiment 


(b)  Witness  Plates  After  Experiment 


FIGURE  1.  SAMPLE  EXPERIMENT  WITH  SAND 
FILLED  FRANGIBLE  SURROUND 
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FIGURE  2.  OPEN  CHAMBER  EXPERIMENTS  WITH 
WITNESS  PLATES  INSTRUMENTED 
FOR  ARRIVAL  TIME 
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FIGURE  3.  TYPICAL  EXPERIMENT  FOR  THE  PUSH 
RADIOGRAPHY  INVESTIGATION  OF  THE 
INTERACTIONS  OF  FRAGMENTS  AND 
RESTRAINT  MATERIALS 


FLASH  RADIOGRAPH  OF  A PIASTER  RESTRAINT 
MEDIUM  JUST  IMPACTING  A WITNESS  plate 
AT  9 INCHES  FROM  THE  CENTERLINE  OF 
EXPERIMENT  NUMBER  108  (TAKEN  AT  200  nsec) 


FIGURE  5 
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SHIELDS  FOR  DECELERATING  MUNITIONS  FRAGMENTS 


Joseph  G,  Connor,  Jr. 

Naval  Surface  Weapons  Center 
White  Oak,  Silver  Spring,  Maryland 


INTRODUCTION 

The  tests  described  below  were  conducted  to  determine  the 
relative  effectiveness  of  several  common  materials  as  fragment 
decelerators.  A flat  sample  of  each  material  was  placed  in 
the  spray  of  explosively  driven  steel  case  fragments  between 
a Composition  A- 3 loaded  5"/54  projectile  and  a Celotex 
recovery  pack.  Three  of  four  recovery  packs  around  each 
pro j -ctile  were  shielded  by  one  of  the  candidate  materials; 
the  fourth  pack  was  an  unshielded  control. 

Five  tests,  involving  fifteen  material  samples  were 
conducted  at  the  New  Mexico  Institute  of  Mining  and  Technology. 
This  report  concerns  the  rationale  of  the  tests  and  the  relation 
of  shield  parameters  to  fragment  interception  efficiency. 

Further  tests  are  indicated  to  confirm  the  choice  of  "best" 
shield  material  from  this  limited  series  of  tests. 

The  ultimate  reason  for  conducting  these  tests  is  to 
find  a shield  which  will  prevent  too  many  hazardous  fragments 
from  traveling  too  far  from  an  accidental  detonation.  A 
"hazardous"  fragment,  for  purposes  of  the  present  work,  is 
defined  as  one  whose  kinetic  energy  exceeds  58  ft-lb.  A 
fragment  with  this  energy  has  gone  "too  far"  if,  at  or  beyond 
a j^ange  of  500  ft,  more  than  one  is  found  in  an  area  of  600 

TEST  SET  UP 


As  many  as  four  4 ft  by  8 ft  collection  packs  v^re  placed 
on  the  ground  with  the  8 ft  side  horizontal  and  tangent  to 
a circle  of  15  ft  radius  centered  on  the  longitudinal  axis 
of  the  projectile.  The  projectile  was  mounted  base  down  at 
such  a height  that  the  4 ft  dimension  of  the  collection 
packs  approximately  covered  the  polar  angles  between  90°  and 
105°.  (See  Figure  1) . Test  firings  indicated  that  the  most 
dense  spray  of  fragments  is  found  in  this  polar  angle  range. 

The  shield  material  samples  were  placed  parallel  to  the 
collection  packs  at  a distance  of  2 ft  from  the  projectile. 

The  samples  were  all  2 ft  high  and  3 ft  wide  — large  enough 


to  completely  shadow  the  collection  packs  so  that  no  fragments 
were  able  to  travel  directly  from  a projectile  to  a collection 
pack  without  passing  through  the  shield.  The  materials 
were  ranked  according  to  the  fragment  velocities  determined 
from  mass  and  penetration  depth  in  the  Celotex  packs. 

General  photographic  coverage  was  provided  on  all  tests. 

On  the  last  three  shots,  aluminum  sheets  0,12  in  thick  were 
fastened  to  the  front  of  each  recovery  pack  to  produce  a 
visible  flash  of  light  when  a high  speed  fragment  strikes 
the  metal  sheet.  Fastax  cameras  running  at  a nominal  rate 
of  5000  frames/second  were  positioned  so  that  detonation 
light  and  fragment  flashes  from  the  aluminum  sheets  could  be 
observed  and  timed.  From  these  times  of  arrival  at  the  front 
face  of  the  Celotex  packs  an  average  velocity  over  the  15  ft 
flight  path  can  be  determined.  This  velocity  is  the  instrumental 
velocity  discussed  later  in  this  report. 

SHIELD  MATERIALS 


Design  of  an  effective  shield  requires  choosing  a type 
of  material  and  determining  the  thickness  necessary  to  do  the 
job.  The  exact  configuration  for  an  efficient,  practical 
shield  can  be  determined  easily  once  these  two  parameters 
are  specified. 

Shield  materials  for  the  first  tests  were  chosen  for 
their  inertial  properties.  One  can  expect  about  10  lb  of 
steel  case  fragments  to  be  ejected  toward  one  of  the  Celotex 
packs  which  cover  the  polar  angles  between  90°  and  105°  and 
a bit  less  than  90°  in  azimuth.  From  momentum  transfer 
considerations,  if  these  fragments  all  strike  an  obstacle 
weighing  about  100  lb  their  velocity  will  be  reduced  by 
about  90%.  A 5/8  in  steel  plate  2 ft  by  3 ft  in  area  weighs 
about  150  lbs;  one  was  available  and  was  taken  as  a starting 
point.  Other  shields  on  the  first  round  of  tests  had  about 
the  same  areal  density  as  the  steel  plate.  This  approach  will 
indicate  the  effect  of  material  choice  alone  — eliminating 
density  as  a parameter.  The  materials  used  in  the  first  six 
shields  are  listed  in  Table  1, 

Because  these  shields  were  massive  enough  to  preclude 
practical  use,  a second  test  series  was  conducted  using  different 
materials  with  areal  densities  smaller  than  those  in  the  first 
series.  Materials  were  chosen  with  properties  other  than 
inertia  which  were  expected  to  be  effective  in  breaking  up 
or  decelerating  fragments.  In  particular,  woven  materials, 
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such  as  Kevlar  or  nylon  cloth  and  wire  rope  blasting  mats, 
have  directional  tensile  properties  which  tend  to  make  the 
materials  catch  and  deflect  incident  fragments.  The  seven 
samples  chosen  for  the  second  series  of  tests  are  described 
in  Table  2. 

DATA  REDUCTION 


Fragments  were  recovered  from  the  Celotex  recovery  packs 
and  cleaned.  The  mass  of  each  fragment  and  its  penetration 
depth  in  the  recovery  pack  (to  the  nearest  1/2  inch)  were 
recorded  and  used  to  determine  fragment  velocity  at  the  front 
face  of  the  Celotex,  Initial  velocity,  at  the  shell  case, 
was  determined  for  each  fragment  assuming  a flat  trajectory 
and  constant  aerodynamic  drag.  Fragment  velocity  at  500  ft 
was  calculated  similarly.  These  values  as  well  as  fragment 
kinetic  energy  at  various  locations  were  all  determined 
with  a digital  computer  code. 

The  area/mass  ratio  is  determined  from  the  fragment  shape 
factor  and  fragment  mass  as  follows: 

A/M  * 0.0922  M“x/3 
where:  A * presented  area  (in^) 

M ■ fragment  mass  (grams) 

Fragment  velocity  was  determined  from  mass  and  Celotex 
penetration  using  an  empirical  relation  determined  for  fragment 
velocities  between  3000  and  6000  ft/sec.  The  fragments  were 
5/16"  x 5/16"  x 5/8"  "cubelets".  The  relation  reads  as 
follows  (Reference  1): 

V - C P (A/M) 

where:  V ■ fragment  velocity  (ft/sec) 

P * penetration  depth  (inches) 

2 

A ■ fragment  presented  area  (in  ) 

M ■ fragment  mass  (grains) 

C - 2 x 105 


TI  Private  communication,  R.G,  Sewell,  NWC,  China  Lake. 
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Fragment  velocity  at  various  distances  from  the  projectile 
was  determined  from  the  measured  velocity  at  the  Celotex 
recovery  pack  by  assuming  constant  aerodynamic  drag  and  a flat 
trajectory.  The  expression  developed  from  these  assumptions 
ist 


rR  . v e-0.121(A/M)R 

. v e0.121(A/M)Rc  e-0.121(A/M)R 
0 

. « -0.121 (A/M) (Rc  - R) 

C 

where i VR  ■ velocity  at  distance  R (ft/sec) 

V ■ velocity  at  projectile  case 
(ft/sec) 

Vc  ■ velocity  at  Celotex  (ft/sec) 

A/M  ■ fragment  area/mass  ratio 
(inVgram) 


Rp  * Celotex  stand  off  from  projectile 
(ft) 

R « distance  from  projectile 

0.121  - 1/2  Cn  p.  - 1/2(1.28) (.01574  gm/in3) 
*(12  in/ft) 


For  fragments  that  pass  through  a shield  the  velocity  at 
the  Celotex  can  be  interpreted  as  the  residual  velocity 
characteristic  of  the  material.  This  is  a reasonable  approxi- 
mation because  of  the  supersonic  speed  with  which  the  fragments 
travel  the  short  path  length  between  the  shield  and  the 
collection  pack. 


Kinetic  energy  at  the  recovery  pack  and  ai  500  ft  from 
the  projectile  is  calculated  from  the  usual  expression! 

KE  * 1/2  M V2.  using  the  appropriate  velocity. 

Total  and  average  mass  of  fragments  recovered  from  each 
pack  are  calculated,  as  are  total  and  average  fragment  kinetic 
energy  absorbed.  Also,  an  arithmetic  average  of  fragment 
velocities  behind  each  shield  material  is  calculated. 


An  arithmetic  average  of  all  penetration  depths  in  each 
collection  pack  was  calculated.  A velocity  was  determined  by 
using  this  average  penetration  with  the  average  mass  of  fragments 
recovered  from  the  pack  in  the  empirical  penetration  relation. 

The  velocity  calculated  in  this  way  is  similar  to  the  instrumental 
velocity  measured  in  the  usual  arena  tests. 
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FFSUITS 


A summary  of  the  characteristics  of  the  fragments  recovered 
from  all  the  Celotex  packs  is  shown  in  Table  3.  The  fifth  line 
is  simply  an  average  of  the  first  four.  The  remaining  items 
are  listed  in  order  of  decreasing  areal  density  by  group, 
and,  within  each  group,  in  order  of  increasing  total  fragment 
weight  recovered  from  the  Celotex  packs. 

The  average  fragment  mass  for  each  pack  is  the  total  mass 
of  fragments  divided  by  the  total  number  of  fragments  found 
in  the  pack.  The  average  penetration  is  also  simply  the 
arithmetic  average  of  all  penetrations  recorded.  The  velocity 
m the  last  column  is  determined  by  substituting  these  averages 
into  the  empirical  relation  discussed  in  the  preceding  section. 
However,  because  the  fragments  recovered  from  the  Celotex 
are  of  irregular  shapes  and  are  smaller  than  those  for  which 
the  relation  was  determined,  the  values  reported  here  should 
not  be  considered  typical  of  5"/54  projectile  fragments. 

Initial  qualitative  observations  based  on  the  information 
in  Table  3 include  the  following: 

**  Behind  the  denser  shield  materials  the  average  fragment 
mass  is  higher  and  the  average  velocity  is  generally 
smaller  than  behind  the  other  shield  materials.  Thus, 
smaller  fragments  are  screened  out  and  larger  ones 
are  decelerated. 

- The  5/8"  steel  plate  significantly  reduces  the  number 
and  velocity  of  the  fragments  it  allows  to  pass.  The 
reductions  are  greater  than  for  any  of  the  other 
materials  tested. 

- Behind  the  single  blast  mat,  average  fragment  mass  is 
the  smallest  of  all  the  materials  tested.  Large 
fragments  are  broken  into  smaller  pieces  which  are 
readily  decelerated  by  drag  forces  to  a velocity  such 
that  they  are  no  longer  hazardous.  (No  blast  mat 
fragments  were  included  in  the  count.) 

NUMBER  AND  MASS  OF  FRAGMENTS . The  shields  of  high  areal 
density  pass  relatively  few  large  fragments,  while  the  shields 
of  lower  densities  pass  more  smaller  fragments.  It  appears 
that  the  kinds  of  materials  used  for  the  lower  density  shields 
effectively  break  up  large  fragments  but  are  less  effective 
at  removing  them  from  the  fragment  spray.  The  major  difference 
between  the  heavier  and  the  lighter  shields  (other  than  density) 
is  that  the  lighter  materials  all  possess  some  degree  of 
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tensile  strength  in  one  or  more  directions.  For  example, 
the  blast  mats  consist  of  steel  cables  woven  in  two  perpen- 
dicular directions;  the  tensile  strength  of  the  cable  adds 
to  the  energy  required  to  break  through  the  shield.  The 
heavier  materials  generally  exhibit  little  structural  cohesive- 
ness and  can  be  visualized  as  simply  inertia  to  be  overcome 
by  the  incident  fragments. 

The  heavier  materials  apparently  are  punctured  by  an 
initial  cloud  of  small  fragments;  their  residual  velocity  is 
too  low  for  them  to  subsequently  reach  the  recovery  pack.  The 
hole  in  the  shield  thus  produced  permits  unobstructed  passage 
of  the  later  arriving  larger  fragments.  Conversely,  the 
lighter  materials  have  sufficient  tenacity  to  deflect  the 
initial  cloud  of  smaller  fragments  without  suffering  a 
complete  perforation. 

Both  the  total  mass  and  the  number  of  fragments  recovered 
tend  to  increase  with  decreasing  shield  density.  The  average 
fragment  mass  does  net  vary  markedly  though  it  tends  to 
decrease  slightly  with  shield  density.  The  single  blast  mat 
is  an  unusual  case  because  both  the  number  of  fragments 
recovered  and  their  average  mass  are  distinctly  different 
from  the  other  shields  in  its  weight  class. 

FRAGMENT  VELOCITY.  Most  of  the  fragment  velocities  reported 
here  were  based  on  the  empirical  penetration/velocity  relation 
described  above.  The  equation  is  not  necessarily  valid  for 
all  velocities  or  all  fragment  sizes  since  it  is  based  on  a 
limited  amount  of  data.  Tests  are  currently  under  way  which 
will  illuminate  this  relation,  and,  perhaps,  determine  different 
relations  for  various  ranges  of  fragment  mass,  velocity  and 
energy. 

Because  of  the  uncertainty  associated  with  using  the 
empirical  relation  outside  the  range  for  which  it  was  determined, 
the  fragment  parameter  comparisons  among  shield  materials  are 
expressed  in  terms  of  the  ratio  of  the  parameter  in  question 
to  the  same  parameter,  determined  in  the  same  way,  for  the 
fragments  recovered  from  the  unshielded  control  packs.  The 
relative  effectiveness  of  each  of  the  shield  materials  can 
be  established  in  this  way.  The  difference  between  the 
velocities  determined  from  the  empirical  equation  and  the 
"true"  values  will  be  embodied  in  a multiplicative  factor, 
if  the  correct  relationship  between  penetration  and  velocity 
turns  out  to  be  of  the  same  form  as  tr.e  empirical  equation. 

Initial  Velocity.  An  average  velocity  is  determined  by  measur- 
ing" the  time  of arrival  of  many  fragments  at  a fixed  distance 
from  the  munition  in  an  arena  test.  The  fixed  distance  is 
divided  by  each  time  of  arrival  and  the  resulting  velocities 
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are  averaged.  The  fragment  initial  velocity  characteristic 
of  the  particular  munition  is  calculated  from  this  average 
by  assuming  constant  aerodynamic  drag  and  determining  the 
velocity  at  the  munition  case  that  would  produce  the  observed 
average  velocity  at  the  fixed  observation  point. 

For  the  present  tests,  two  approaches  were  used  to 
determine  initial  fragment  velocity:  analysis  of  high  speed 
photographs,  and  extrapolation  from  Celotex  penetration 
measurements. 

Photographic  information  is  somewhat  limited  because  the 
aluminum  flash  panels  were  visible  on  film  on  only  two  of  the 
four  control  packs.  Several  fragment  velocities  were  determined 
from  observed  times  of  arrival  at  the  flash  panels;  these 
were  averaged  and  extrapolated  back  to  the  projectile  case 
as  just  described  to  determine  an  initial  velocity.  The  velocity 
so  determined  is  3300  ft/sec. 

Three  different  average  velocities  can  be  calculated 
from  penetration  data: 

- Each  individual  fragment  velocity  is  determined  and  all 
such  values  averaged;  the  result  is  6930  ft/sec, 

- Each  individual  fragment  penetration  depth  is  averaged; 
this  value  is  used  with  average  fragment  mass  in  the 
empirical  relation;  the  result  is  56*#  ft/sec. 

- The  median  penetration  is  used  with  the  median  fragment 
mass  in  the  empirical  relation;  the  result  is  7150  ft/sec. 

These  values  are  summarized  in  the  following  table: 


Photographic 

3300 

ft/sec 

Velocity  Average 

6930 

ft/sec 

Penetration  Average 

5645 

ft/sec 

Penetration  Median 

7150 

ft/sec 

The  values  shown  above  are  the  reason  that  comparisons 
among  shield  materials  in  the  following  discussions  are 
meaningful  in  terms  of  ratios  rather  than  absolute  values  of 
velocity  and  kinetic  energy.  The  photographic  result  is  the 
most  dependable;  it  is  in  substantial  agreement  with  the 
3000  ft/sec  initial  velocity  found  in  arena  tests  in  the  90° 
to  105°  polar  angle  range.  The  Celotex  penetration  mechanism 
is  too  fraught  with  unknowns  to  be  entirely  trustworthy  in  an 
absolute  sense. 
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Residual  Velocity,  The  computer  code  produces  a velocity  for 
each  fragment  determined  from  its  mass  and  penetration  depth; 
this  velocity  at  the  Celotex  is  extrapolated  back  to  the 
projectile  case  to  find  an  initial  velocity.  Since  the  frag- 
ments have  passed  through  a shield  in  all  cases  except  the 
controls,  the  velocity  so  calculated  is  not  a true  initial 
velocity.  However,  it  can  be  interpreted  as  the  velocity  of 
the  fragment  as  it  leaves  the  shield  material  since  the 
initial  fragment  velocity  is  high  and  the  travel  distance 
to  the  shield  is  short.  In  other  words,  these  velocities 
are  characteristic  of  the  residual  velocity  which  characterizes 
each  shield  material. 

Table  4 lists  the  fragment  velocities  calculated  in  the 
above  manner.  The  ratio  of  each  velocity  to  the  average  of 
the  initial  velocities  determined  from  the  control  packs  is 
listed  in  the  last  column.  (The  ordering  of  the  rows  in  the 
table  is  that  of  increasing  value  of  this  ratio.)  Wood  appears 
to  be  the  best  shield  from  this  point  of  view;  it  would  be 
necessary  to  determine  the  residual  velocity  behind  a thinner 
slab  of  wood  before  any  firm  statement  or  conclusion  can  be 
made.  The  other  shields  generally  fall  in  the  order  of 
increasing  shield  density. 

Velocity  at  500  ft.  Fragment  masses  and  velocities  at  the 
$00  ft  range  £rom  the  munition  are  required  in  order  to 
determine  compliance  with  the  safety  criterion  for  energy. 

Masses  of  recovered  fragments  have  just  been  discussed. 

Velocity  at  500  ft  can  be  determined  from  the  velocities  at 
the  Celotex  packs  from  the  assumption  of  constant  aerodynamic 
drag  and  flat  trajectory.  The  weak  link  in  this  procedure 
is  the  empirical  relation  among  Celotex  penetration,  fragment 
mass  and  velocity.  As  observed  above,  the  velocities  determined 
using  this  relation  are  high  compared  to  the  same  velocities 
determined  from  photographs,  which  are  perhaps  more  accurate. 
Therefore  the  error  in  fragment  energies  determined  from 
these  velocities  tends  to  be  conservative  from  the  safety 
point  of  view. 

Fragment  velocities  at  the  500  ft  range  for  each  shield 
and  the  controls  have  been  grouped  according  to  fragment  mass, 
and  the  arithmetic  average  calculated  for  each  mass.  Figure  2 
contains  points  for  53  fragment  masses  recovered  from  the  four 
control  packs.  Also  shown  on  the  figure  is  the  power  function 
of  the  form  V ■ A M®  which  best  fits  the  points  in  the  least 
square  sense.  Least  square  fits  of  the  same  function  to  the 
velocity /mass  data  for  all  the  shields  were  also  made;  these 
are  compared  to  the  control  pack  data  on  the  succeeding 
Figures  3 to  5. 


Figures  3 through  5 show  comparisons  between  the  least 
square  fits  to  the  shield  data  and  the  fit  to  the  control 
data.  The  three  graphs  show  the  data  from  heavy,  intermediate 
and  lightweight  shields.  At  500  ft  behind  some  of  these 
shields  fragment  velocities  greater  than  those  behind  the 
controls  were  found.  This  is  due  to  experimental  uncertainties 
and  not  to  any  rea!  effect. 

The  shield  materials  tested,  except  for  some  of  the 
densest  ones,  provide  no  real  reduction  in  fragment  velocity 
at  500  ft  from  the  projectile.  The  utility  of  the  shields 
therefore  stems  from  their  ability  to  reduce  the  number  and 
size  of  the  fragments  that  arrive  at  500  ft. 

FRAGMENT  KINETIC  ENERGY.  Kinetic  energy  can  be  determined  in 
several  ways  from  the  fragment  masses  and  velocities  detailed 
in  the  preceding  sections.  Two  of  the  many  possible  calculations 
are  singled  out  for  consideration  here;  each  provides  a means 
of  judging  the  relative  efficiency  of  the  shield  material 
samples  tested.  Eecause  it  is  impossible  to  isolate  and  examine 
the  motion  of  an  individual  fragment  in  a Celotex  pack,  the 
energies  of  large  groups  of  fragments  must  be  examined.  This 
approach  is  more  meaningful  in  a statistical  sense,  anyway. 

One  method  of  studying  shield  effects  on  groups  of  fragments 
involves  expressing  the  total  fragment  kinetic  energy  absorbed 
by  each  shield  as  a fraction  of  the  energy  carried  by  unshielded 
fragments.  A large  value  of  this  fraction  implies  less  energy 
carried  by  those  fragments  which  survive  passage  through  the 
shield  in  question. 

Another  assessment  of  the  shields  can  be  made  by  ranking 
them  according  to  the  total  kinetic  energy  remaining  at  500 
ft  from  the  projectile.  This  iB  a useful  approach  because 
the  safety  criterion  requires  that  no  more  than  one  fragment 
per  600  ft2  carry  an  energy  exceeding  58  ft  lb  at  500  ft. 

The  number  of  fragments  actually  reaching  the  500  ft  range 
with  energy  exceeding  any  particular  value  will  be  less  than 
the  number  determined  by  using  velocities  determined  from  the 
empirical  relation  for  Celotex  penetration  depth.  The  results 
given  below  are  overestimates  and  therefore  conservative  from 
the  safety  point  of  view. 

Kinetic  Energy  Absorbed  in  Shields.  The  total  kinetic  energy 
delivered  to  each  Celotex  pack  by all  fragments  greater  than 
1 gram  mass  was  determined.  This  quantity  is  the  sum  of  the 
values  of  1/2  m V2  for  each  fragment  recovered  from  a particular 
pack.  The  energies  so  determined  will  be  high  because  the 
velocities  were  calculated  with  the  empirical  penetration 
relation. 
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The  kinetic  enercfy  fraction,  f,  is  the  ratio  of  the  total 
kinetic  energy  carried  by  all  the  fragments  recovered  from  a 
shielded  recovery  pack  to  the  total  energy  carried  by  all  the 
fragments  recovered  from  an  (average)  unshielded  control  pack. 

The  fraction,  f,  ranges  from  0.0  for  a completely  shielded 
pack  to  1 ')  for  a control  pack . 

The  fraction  F = 1 - f is  defined  as  the  kinetic  energy 
fraction  absorbed  by  a particular  shield,  F characterizes 
the  shield  materials  more  specifically  than  does  f. 

Figure  6 illustrates  the  variation  of  F as  a function  of 
shield  areal  density,  A«.  Five  of  the  fifteen  points  represent- 
ing shield  materials  fc.ll  close  to  a single  straight  lines  the 
points  representing  water  and  Kevlar  29,  and.  the  three  points 
representing  blast  mats  of  various  thicknesses.  The  least 
square  straight  line  through  these  five  points  was  found  to  be 
represented  by  the  following  expression: 

F - 0.0143  Ad  + 0.360 

That  a straight  line  can  be  faired  through  these  five  points 

is  significant  for  at  least  two  reasons.  First  of  all  it 

indicates  that  absorbed  kinetic  energy  is  linearly  dependent 

on  shield  mass.  Secondly,  note  that  three  different  materials 

produce  points  falling  near  the  same  line  with  good  correlation.  f 

In  some  way  Kevlar  29  in  a basket  weave  cloth  is  similar  in 

fragment  impeding  ability  the  blast  mat  "cloth"  formed  of  1/4" 

steel  airplane  cable.  These  two  materials  with  their  tensile 

and  cohesive  properties  somehow  resemble  water  - which  possesses 

neither  of  these  characteristics. 

Another  least  square  line  is  shown  on  the  graph:  it 
represents  the  agglomeration  of  points  above  the  five  just 
mentioned.  The  materials  represented  by  these  points  fall 
near  the  following  line: 

F » 0.0173  Ap  + 0.494 

The  slopes  of  the  two  lines  are  not  significantly  different 
from  one  another;  closer  analysis  may  show  them  to  be  more 
nearly  alike.  Note  that  the  point  representing  wood  again 
appears  "best"  in  that  it  is  higher  on  the  plot  than  any 
other  except  steel. 

The  two  remaining  points,  Nylon  and  GRP,  do  not  really 
fit  with  either  of  the  groups  near  the  least  square  lines. 

From  a practical  point  of  view  they  can  be  disregarded  because 
they  are  below  all  the  other  points;  that  is,  the  materials 
function  inefficiently  as  fragment  kinetic  energy  shields, 

t 
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Kinetic  Energy  at  500  ft.  The  number  of  fragments  reaching  a 
560  ft  range  with  a kinetic  energy  exceeding  58  ft-lb  are 
listed  in  Table  5.  Actual  numbers  for  each  shield  are 
probably  less  than  those  listed  because  the  energies  are 
overestimated  by  the  velocities  obtained  from  the  Celotex 
penetration  formula. 

Because  of  the  uncertainty  surrounding  the  empirical 
penetration  relation,  the  ranking  of  shield  materials  is  best 
made  in  terms  of  the  ratio  in  the  last  column.  The  values  in 
the  last  column  are  more  representative  of  the  effect  of  a given 
shield  on  fragment  energy  at  500  ft  than  are  the  actual  values 
themselves,  which  are  listed  in  the  preceding  column.  Wood 
again  appears  to  be  a good  shield  choice. 

The  areal  density  of  fragments  exceeding  58  ft-lb  is  an 
even  more  useful  bit  of  information.  Such  densities  can  be 
estimated  by  determining  the  surface  area  on  a sphere  of  500 
ft  radius  which  is  shielded  by  the  32  ft2  (41  x 8'}  Celotex 
recovery  packs  located  15  ft  from  the  projectile.  The  area 
can  be  calculated  as  a ratio: 

WR1S  * «»R25001/(4’,R15) 

or  5 •> 

A500  * A15  <50°/15>  * 35556  ft 

Only  26  fragments  exceeding  58  ft-lb  kinetic  energy  are 
estimated  to  reach  a range  of  500  ft  from  an  unshielded  pro- 
jectile (Table  5).  This  is  26/35556  ■ 0.0073  fragments  per 
square  ft  or  (.0073)  (600)  * 0,44  fragments  per  600  ft2.  It 
is  obvious  from  this  calculation  that  a single  round  5"/54 
Mk  41  projectile  presents  an  acceptable  fragment  hazard  at 
500  ft.  Since  the  velocities  determined  from  Celotex  penetra- 
tions are  thought  to  be  too  high,  the  value  of  0.44  fragments/ 
600  ft2  is  also  high.  With  a fragment  decelerating  shield 
in  place,  the  fragment  density  will  be  even  lower, 

CONCLUSIONS 


The  purpose  of  the  tests  described  in  this  paper  has  been 
to  determine  the  relative  merits  of  several  materials  as 
decelerators  of  explosively  driven  steel  case  fragments 
Absolute  values  of  fragment  number,  velocity  and  kinetic  energy 
are  incidental  to  this  purpose.  Fragment  Energy  and  Number  (FEN) 
chart  analysis,  as  described  in  a"‘previous‘“discussion“ (Reference 
2),  has  shown  that  six  to  eight  unshielded  projectiles  of  the 
type  fired  for  these  shield  tests  present  an  acceptable  fragment 
hazard  at  500  ft.  The  present  test  results  are  not  inconsistent 
with  this  analytical  conclusion, 

2 

F.B.  Porzel  "Design  of  Lightweight  Shields  against  Blast  and 
Fragments",  Minutes  of  the  Seventeenth  Explosives  Safety 
Seminar,  September  1977 
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The  fragment  shield  samples  tested  in  this  series  can  be 
segregated  into  three  general  classes  according  to  areal 
density:  heavy,  medium  and  light  weight.  The  most  efficient 
performers  in  each  of  the  three  classes  are  determined  from 
the  following  measured  or  derived  parameters: 

- Number  of  fragments  > 1 gram  recovered  from  Celotex, 

Fewer  fragments  implies  better  shield  performance, 

- Average  mass  of  recovered  fragments. 

Large  average  mass  implies  that  the  smaller  fragments 
were  stopped,  leaving  only  large,  high  drag,  fragments 
in  the  spray, 

- Average  penetration  depth  in  Celotex  at  15  ft  range. 
Shallow  penetration  implies: 

- low  residual  velocity 

- low  velocity  at  500  ft 

- few  fragments  exceeding  58  ft-lfc  at  500  ft 

- large  kinetic  energy  absorbed  by  shield. 

- Fragment  velocity  at  various  ranges. 

Since  fragment  velocity  is  determined  by  drag  coefficient 
in  addition  to  varying  directly  with  penetration  and 
inversely  with  the  cube  root  of  mass,  separate 
consideration  of  mass  and  penetration  may  be  misleading. 

The  above  parameters  are  listed  in  Table  6 for  the  two  most 
effective  shields  in  each  weight  category.  Similar  values, 
determined  by  the  same  procedures,  for  the  unshielded  control 
packs  are  included  for  comparison.  As  indicated  earlier, 
the  velocities  derived  from  Celotex  penetrations  (the  basis 
for  the  last  three  values  in  each  column  of  the  table)  are 
suspect  because  of  the  uncertainty  inherent  in  the  use  of 
the  empirical  penetration  relation.  The  results  shown  in 
the  table  are,  however,  indicative  of  the  relative  performance 
of  the  shield  materials. 

Using  the  (high)  velocities  derived  from  the  empirical 
relation,  the  number  of  hazardous  fragments  reaching  500  ft  is 
below  the  criterion  of  one  in  600  ft*.  At  the  end  of  the 
preceding  section  it  was  shown  that  less  than  one  fragment  in 
600  ft2  is  expected  at  500  ft  from  an  unshielded  projectile; 
any  of  the  shield  materials  tested  will  permit  this  density 
or  less  at  500  ft. 
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A single  layer  of  wire  rope  blasting  mat  is  efficient  at 
breaking  fragments  into  smaller  pieces.  If  this  material  is 
used  as  a primary  shield,  the  smaller  fragments  it  allows  to 
pass  can  be  decelerated  effectively  into  the  "non-hazardous" 
class  by  one  of  the  lighter  granular  or  fibrous  materials, 
such  as  sheet  rock  or  wood.  A weight  saving  is  achieved  by 
using  the  blast  mat  for  only  the  first  layer  and  the  lighter 
materials  in  succeeding  layers. 

The  effectiveness  of  the  granular  materials  strengthens 
the  original  hypothesis  that  the  important  parameter  in 
determining  a good  fragment  shield  is  its  inertia.  However, 
the  blast  mat  and  Kevlar  results  indicate  that  there  are  other 
materials  properties,  like  tensile  strength,  which  also  might 
be  exploited  for  the  present  application. 
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TABLE  1 


Shield  Materials  Used  in  First  Test  Series 

Nominal  Areal  _ 

Material  No.  Layers  Density  (lb/ft^) 


5/8"  Mild  steel  plate 

1 

27 

7"  wide  fiber  transmission  belt 

8 

25 

Pine  2 x 12' s 

6 

25 

3"  layer  sand,  1/4"  plywood  box 

1 

26 

1/8"  fiberglass  PC  board 
+ 1/2"  rubber  mat 

4 

25 

6"  layer  water,  1/4"  plywood  box 

1 

31 
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TABLE  2 


Shield  Materials  Used  in  Second  Test  Series. 

Nominal  Areal 

Material  No.  Layers  Density  (lb/ft^) 


Ballistic  Nylon  cloth  40  4 
Kevlar  29  Basket  weave  cloth  30  4 
1/2*  Gypsum  wallboard  (sheet  rock)  6 10 
Door  mats:  tire  treads  on  heavy  wire  4 10 
30”  wide  fiber  transmission  belt  4 10 
Glass  Reinforced  Plastic  armor  1 10 
Blasting  mats;  woven  1/4"  steel  cable  1 9 


TABLE  3.  Fragments  Greater  Than  1 Gram  Recovered  From  Celotex 
Packs. 


SHIELDS 

FRAGMENTS 

Approx . 

Number 

Total  Mass 

M 

F 

V 

Material 

Density 

Recovered 

Recovered 

Ub/ft2) 

(>  1 gm) 

(gm) 

(gm) 

(in) 

(ft/sec) 

Control 

0 

63 

889 

14 

9.5 

4685 

n 

0 

46 

902 

20 

12.2 

5392 

If 

0 

58 

900 

16 

11.9 

5714 

It 

0 

49 

927 

19 

12.2 

5466 

A vg. Control 

0 

54 

904 

17 

11.4 

5288 

5/8"  Steel 

27 

7 

133 

19 

4.6 

2048 

7"  Belt 

25 

14 

279 

20 

4.3 

1905 

11"  Wood 

25 

16 

328 

20 

2.8 

1215 

3"  Sand 

26 

30 

363 

12 

2.6 

1345 

Fibr /Rubber 

25 

28 

453 

16 

3.3 

1561 

6"  Water 

31 

49 

532 

11 

4.1 

2198 

3 Blast  Mats 

27 

50 

1 

689 

14 

5.5 

2752 

2 Blast  Mats 

18 

63 

754 

12 

6.2 

3235 

Sheet  Rock 

10 

42 

477 

11 

6.5 

3463 

4 Door  Mats 

10 

65 

715 

11 

5.6 

3014 

1 Blast  Mat 

9 

88 

726 

8 

6.6 

3906 

4 Belts 

10 

49 

744 

15 

6.7 

3236 

GRP 

10 

62 

948 

15 

7.4 

3581 

Kevlar  29 

4 

47 

666 

14 

8.9 

4414 

Nylon 

l 

4 

67 

818 

12 

9.2 

4769 

M ■ Arithmetic  average  mass  of  recovered  fragments 
F * Arithmetic  average  Celotex  penetration  depth 
V * Velocity  at  Celotex,  determined  from  penetration 
equation  using  EL  F and  presented  area 
A * 0.09222  Ff  ”1/3 

Note:  The  fragment  velocities  recorded  here  should  not  he 

considered  typical  of  5"/54  projectile  fragments  because 
they  are  based  on  the  empirical  penetration/velocity 
relation  which  was  determined  for  fragments  in  different 
size,  shape  and  velocity  ranges  from  those  recovered  here. 


TABLE  4.  Residual  Velocities  Behind  Shield  Samples 


Shield  Material 

Approx , 
Density 
(lb/ft2) 

Residual 

Velocity 

(ft/sec) 

Ratio 

(Vr/5645) 

Average  Control 

0 

5645 

1.00 

11"  Wood 

25 

1291 

.23 

3"  Sand 

26 

1447 

.26 

Fiberglass/Rubber 

25 

1668 

.30 

7"  Belt 

25 

2027 

.36 

5/8"  Steel 

27 

2180 

.39 

6"  Water 

31 

2371 

.42 

3 Blast  Mats 

27 

2951 

.52 

4 Doer  Mats 

10 

3250 

.58 

4 Belts 

10 

3463 

.61 

2 Blast  Mats 

18 

3481 

.62 

Sheet  Rock 

10 

3731 

.66 

GRP 

10 

3831 

.68 

1 Blast  Mat 

9 

4243 

.75 

Kevlar  29 

4 

4731 

.84 

Ballistic  Nylon 

4 

5129 

.91 
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TABLE  5. 


Number  of  Fragments 
Exceeding  58  ft-lb. 


at  500  Ft  With  Energy 


tm*s**- 


Shield  Material 

Approx . 
Density 
(lb/ft2) 

N>58  ft-lb 
at  SCO  ft 

Ratio 

/M  /*>  e \ 

Control 

0 

26 

\Vif  ^t>  ) 

1.00 

5/8"  st**/ 

27 

2 

.077 

7"  Belt 

25 

2 

.077 

11"  Wood 

25 

3 

.12 

Fiberglass/Rubber 

25 

3 

.12 

3"  Sand 

26 

4 

.15 

Sheet  Rock 

10 

10 

.38 

6"  Water 

31 

12 

.46 

3 Blast  Mats 

27 

13 

.50 

4 Door  Mats 

10 

14 

.54 

Kevlar  29 

4 

16 

.62 

1 Blast  Mat 

9 

16 

.62 

4 Belts 

10 

17 

.65 

2 Blast  Mats 

18 

19 

.73 

Ballistic  Nylon 

4 

25 

.96 

GRP 

10 

25 

.96 
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FIGURE  3 FRAGMENT  VELOCITY  AT  500  FT.  RANGE;  25  TO  31  LB/FT2  SHIELDING 


FIGURE  4 FRAGMENT  VELOCITY  AT  500  FT.  RANGE;  9 TO  10  LB/FT2SHIELDS 
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CATASTROPHIC  REACTION  OF  COMPARTMENTALIZED 
AMMUNITION  - CAUSES  AND  PREVENTIVE  MEASURES 


* PHILIP  M.  HOWE,  Ph.D 
ROBERT  B.  FREY,  Ph.D 
BALLISTIC  RESEARCH  LABORATORY 
ABERDEEN  PROVING  GROUND,  MD  2100S 


INTRODUCTION 


While  it  is  feasible  to  design  a tank  ammunition  compartment 
which  will  survive  the  detonation  of  a single  warhead,  the  design  of 
a compartment  which  will  survive  the  detonation  of  most  or  all  of 
the  warheads  and  which  falls  within  the  weight  and  space  constraints 
imposed  by  the  vehicle  design  is  not  currently  possible;  the  detonation 
of  40  warheads  (the  planned  complement)  will  destroy  compartment  and 
fighting  vehicle.  In  previous  research  (1)  we  have  shown  that 
catastrophic  reaction  of  munitions  can  occur  under  conditions  much  less 
strenuous  than  those  required  for  classical  shock  initiation,  which 
has  been  studied  extensively  for  bare  charges.  These  catastrophic 
reactions  play  an  extremely  important  role  in  determining  munition 
vulnerability,  and  in  the  rapid  propagation  of  explosion  through 
stacks  of  munitions.  Typically,  these  catastrophic  reactions  take 
place  in  the  100-700ysec  time  frame,  consume  essentially  all  of  the 
explosive,  and  may  appear  to  be  detonations  to  the  observer  interested 
in  assessing  damage  potential.  To  understand  the  mechanisms  of 
initiation  of  these  reactions,  and  to  devise  preventive  techniques 
suitable  for  safe  transportation  and  storage,  and  vulnerability  reduc- 
tion of  armored  fighting  vehicles,  we  have  undertaken  analyses  and  a 
variety  of  experiments.  Pertinent  results  are  summarized  in  this 
paper . 
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Interround  Communication  and  the  Role  of  the  Casing 


When  a munition  such  as  a 155mm  artillery  shell  is  detonated, 
nearby  munitions  are  subjected  to  multiple  fragment  impacts,  airblast, 
and  severe  loading  from  the  explosive  products.  Initiation  of  the 
target  munitions  can  occur,  as  a result  of  a single,  massive,  high 
velocity  fragment,  as  a result  of  multiple  fragment  impacts  occurring 
nearly  simultaneously,  or  as  a result  of  the  severe  blast  loading 
delivered  by  fragments  and  explosive  products.  One  might  conjecture 
that  some  measure  of  protection  would  be  provided  the  target  munitions 
by  heavy  walled  casings,  but  it  must  be  remembered  that  a heavy  walled 
protective  casing  of  a target  round  implies  massive  lethal  fragments 
when  such  a round  serves  as  the  donor. 


Because  there  is  a variety  of  parameters  which  may  affect 
interround  communication,  a series  of  experiments  was  performed  to 
establish  a data  base  and  to  provide  insight  with  respect  to  the  per- 
tinent mechanisms.  Munitions  from  the  inventory  were  used  rather 
than  specially  designed  test  fixtures,  because  the  former  would  provide 
a much  needed  practical  data  base  and  because  analysis  had  shown  that 
the  variations  in  geometry  from  munition  to  munition  could  be  account- 
ed for  and  would  not  weaken  the  validity  of  the  results.  Each  experi- 
ment involved  three  munitions  placed  collinearly  upon  a 2.5  cm  steel 


witness  plate  (see  Figure  1). 


The  two  outer  munitions  served 
as  targets  for  the  center  war- 
head which  was  deliberately  de- 
tonated via  primacord  embedded 
within  some  C-4  plastic  explo- 
sive which  filled  the  fuze 
cavity.  (In  some  cases,  target 
warheads  contained  fuzes.  How- 
ever, fuze  presence  did  not 
change  threshold  response,  and 
there  was  no  evidence  in  any 
experiment  to  indicate  that 
the  fuze  contributed  to  reac- 
tion of  the  target  warheads) . 
The  donor  wall  thickness,  dia- 
meter, and  explosive  content, 
and  acceptor  wall  thickness, 
diameter,  and  explosive  con- 
tent w;re  varied.  Data  were 
obtained  for  munitions  con- 
taining composition  B 


Schematic  of  typical  test  con-  (60%y  RDX, 


Figure  1 

figuration  for  interround  communication 


40*  TNT) 
w 


position  A-3 


and  com- 
(91*  RDX  9*  wax), 
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The  condition  of  the  acceptor  warheads  and  the  witness  plate  was 
examined  after  each  experiment  to  determine  acceptor  response.  When 
a donor  was  detonated  in  the  design  mode,  it  always  perforated  the 
witness  plate  and  this  was  taken  as  a crude  but  effective  indicator  of 
acceptor  detonation.  For  each  type  of  warhead  pair,  the  separation 
distance  between  rounds  was  varied  in  accordance  with  standard 
quantal  response  techniques  (2)  to  determine  the  propagation  thres- 
hold. Separate  tests  were  performed  on  inert  loaded  projectiles 
placed  at  separation  distances  at  which  the  acceptor  detonated. 

This  permitted  determination  of  the  level  of  damage  which  would  lead 
to  violent  reaction  or  detonation  of  the  acceptor  warheads.  At  the 
violent  reaction  threshold,  each  inert-loaded  acceptor  was  severely 
deformed  and  failure  of  the  warhead  casing  occurred.  This  provided 
an  important  clue  with  respect  to  the  mechanism  by  which  violent 
reaction  occurs  within  the  acceptor.  All  the  data  are  consistent  with 
a mechanism  involving 


. casing  deformation 

. compression  of  the  explosive,  generation  of  cracks  within  the 
explosive 

. failure  of  the  casing 

. rapid  extrusion  of  explosive  through  cracks  in  casing,  causing 
ignition  and  rapid  spread  of  reaction  through  the  cracked  explosive, 
with  resultant  catastrophic  explosion. 


Figure  2.  Schematic  of  apparatus  used 
for  mechanistic  studies.  Typical  strain/ 
time  records  at  various  gauge  locations. 


Additional  experiments 
were  conducted  to  explore  some 
of  the  details  of  the  initiation 
process.  In  one  set  of  experi- 
ments, heavily  confined  composi- 
tion B charges  were  fabricated, 
with  internal  manganin  pressure 
gauges  and  externally  mounted 
constantan  strain  gauges 
(see  Figure  2).  These  charges 
were  deliberately  ignited,  in 
order  to  permit  observation  of 
the  development  of  violent 
reaction. 


The  detailed  behavior 
of  the  charges  was  variable 
and  strongly  a function  of 
geometry.  Thus,  for  some 
experiments,  a compression 
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wave  propagated  through  the  charge  at  a velocity  of  2.0  - 2.5  mm/usec. 
This  wave  was  clearly  not  a shock,  as  the  pressure  gradient  typically 
extended  over  a period  of  10  - 30  usee  behind  the  wave  front,  to  a 
peak  pressure  of  0.2  *-  0.8  GPa.  Generally  speaking,  strain  records 
and  stress  records  were  similar.  A plot  of  strain  versus  time  at 
various  gauge  stations  for  such  an  experiment  is  shown  in  Figure  2. 
Ionization  probes  indicated  reaction  begins  within  a few  microseconds 
of  wave  passage.  Nonetheless,  the  pressures  involved  are  too  low  to 
cause  ignition  by  rapid  compression  of  the  explosive  (3,4). 

(Note  that,  even  with  ignition,  the  reaction  would  not  necessarily 
build  up  to  violent  reaction  or  detonation.  In  some  instances,  loca- 
lized reaction  occurs,  and  disrupts  part  of  the  charge  without  propag- 
ating to  the  rest.) 

In  other  experiments,  using  larger  diameter  charges  the  pres- 
sure rose  slowly  but  uniformly  throughout  the  charge.  After  200  - 600 
usee,  a threshold  was  reached,  at  which  point  the  pressure  rose  very 
rapidly  and  catastrophic  reactions  occurred.  As  in  the  previous  ex- 
periments, the  thresholds  at  various  stations  occurred  sequentially  and 
are  associated  with  the  arrival  of  a compression  wave.  In  these  latter 
experiments,  the  compression  waves  decayed  as  they  propagated,  and 
ionization  probes  responded  erratically,  indicating  that  low-level 
secondary  ignition  sources  were  developing  at  various  locations.  In 
both  sets  of  experiments,  large  strains  and  strain  rates  were  recorded 
coincident  with  the  point  at  which  the  pressure  transition  points 
occurred. 


At  first  we  thought  that  charge  deformation  might  be  creating 
adiabatic  shear  bands  which  caused  secondary  ignition  of  the  charge 
at  points  remote  from  the  initial  reaction.  We  analyzed  the  rate  of 
temperature  rise  when  two  layers  of  explosive  slip  with  respect  to  one 
another  under  pressure  and  with  melting^  The  analysis  indicates  that 
sliding  velocities  of  the  order  of  3X1CT  cm/sec  would  be  necessary 
for  initiation  at  0.1  GPa  pressure.  At  lower  sliding  rates  melting 
would  suppress  the  temperature  rise.  In  our  experiments  where  the 
rate  of  shear  deformation  has  been  measured,  such  sliding  velocities 
at  shear  bands  could  occur  only  if  the  shear  bands  were  separated  by 
distances  of  the  order  of  a centimeter,  which  is  unlikely.  Therefore, 
it  appears  that  the  formation  of  shear  bends  does  not  explain  the 
propagation  of  reaction  in  these  experiments,  although  they  could  be 
responsible  for  the  initiation  of  reaction  in  other  circumstances. 

An  alternative  explanation,  consistent  with  the  interround 
communication  data  and  fragment  impact  data,  is  that  homogeneous 
(on  a macroscopic  scale)  deformation  of  the  explosive  does  not  cause 
secondary  ignition,  but  that  ignition  results  from  casing  failure 
and  extrusion  of  the  explosive  into  the  cracks  formed  as  the  case  opens. 
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An  experiment  was  designed  to 
is  shown  schematically  in  Figure  3. 

KISTIER  PRESSURE 


Figure  3.  Apparatus  used  to  show  that 
ignition  results  from  casing  failure. 


test  this  hypothesis.  It 
Propellant  was  burned  in  the 
breech,  thereby  driving  a 
plastic  piston  into  the  explo- 
sive, which  was  held  in  place 
by  a deformable  cylindrical 
container.  The  explosive  was 
subjected  to  pressures  and  de- 
formations similar  to  those  of 
earlier  experiments,  but  the 
deliberate  ignition  source  was 
eliminated.  In  this  experiment, 
ignition  and  violent  reaction 
always  occurred,  but  only  after 
the  metal  case  ruptured.  We 
conclude  that  ignition  and  the 
development  of  violent  reac- 
tion in  confined  charges  is 
intimately  connected  with 
casing  failure. 


Figure  4.  Frontal  cosine  impulsive 
loading  for  a Fixed -ended  cylinder  (,3) 


Huffington,  in  a 
parametric  study  of  the  res- 
ponse of  thin  shells  to 
external  blast  loading,  con- 
sidered effects  of  geometry, 
loading,  and  material  proper- 
ties for  fixed  end  cylinders 
subjected  to  a "frontal  cosine" 
distribution  of  impulsive 
loading  {3) . The  geometry  is 
shown  in  Figure  4. 

The  shells  were  con- 
sidered to  be  thin  (D/h  <l)  and 
Kirchhoff's  hypothesis  was 
applied  (5).  A mathematical 
formulation  nonlinear  in  the 
equations  of  motion,  the 
elastc-plastic  stress  strain 
relations,  and  the  strain  dis- 
placement relations  was  devel- 
oped. The  behavior  of  the 
solution  was  explored  by  vary- 
ing non-dimensional  ratios  oie 
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at  a time,  holding  others  constant.  For  complete  details,  the  reader 
is  referred  to  the  original  paper.  Of  special  interest,  however, 
is  the  fact  that  both  maximum  and  residual  deformation  are  strong 

i C 

functions  of  a scaled  impulse  density,  o , (where  i is  the  impulse/ 

area  CQ  the  speed  of  sound  in  the  casing,  h the  casing  wall  thickness, 

and  E Young's  modulus),  and  the  fact  that  these  functions  depend  only 
weakly  on  dimensionless  ratios  such  as  length/diameter,  (L/D)  and  case 
thickness/diameter  (h/D);  (see  Figure  5). 

This  is  particularly  important; 
it  permits  the  identification 
of  a critical  deformation  for 
casing  failure  with  a unique 
value  of  the  scaled  impulse 
density  delivered  to  the  tar- 
get, and  the  threshold  inter- 
round communication  distance 
can  be  obtained  by  equating 
the  scaled  impulse  density  to 
some  critical  value 


iCc 

Eh 


crit.  This 


Figure  5. 
intensity. 


Casing  response  vs  impulse 


critical  value  must  be  obtain- 
ed from  experiment.  For 
fragmenting  munitions  contain- 
ed within  typical  arrays  such 
as  tank  ammunition  compart- 
ments or  pallets,  the  fireball 
of  the  donor  munition  envel- 
opes the  vicinal  munitions. 

Thus,  both  fragments  and  explosive  products  contribute  to  the  impulse 
density  delivered  to  the  acceptors.  We  calculated  values  of  the  aver- 
age areal  fragment  momentum  according  to  the  relation,  applicable  for 
cylindrical  changes: 

, 2 2 
p 


mV 

A 


o 

2R 


- r. 

i 


) V 


where  p is  the  donor  casing  material  density 


r^  is  the  donor  casing  inside  radius 

r is  the  donor  casing  external  radius 

v is  the  average  fragment  velocity,  calculated  using 
Gurney  Formulae. 

R is  defined  by  Figure  1. 
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The  total  specific  kinetic  energy,  E^, 

2 


is  given  by 


where  V is  the  average  product  speed.  E„_  is  proportional  to  the 
Gurney  energy,  E*,  so 

V <W2E* 


and  the  scaled  areal  impulse  ratio  delivered  by  the  explosive  varies 
according  to  the  relation 


iC  r.2Vi? 

o 1 ’ 

~W  0 RhE 

Thus,  if  the  explosive  products  control  the  deformation,  the  critical 
deformation  criterion  implies  that 


o 

R 


r.  “ >[2e7 


* constant,  or 


vs  R be  linear. 


(The  parameters  C , p,  and  E,  which  don't  vary  in  our  experiments  are 
suppressed) . The°data  are  plotted  in  Figure  6 and  pertinent  calculated 
parameters  are  reported  in  Table  1.  A regression  analysis  of  R into 

each  of  the  parameters  in 
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Figure  6.  The  dependence  of  R upon 
scaled  impulse  intensity- 


Table  1 was  made  and  the 
correlation  coefficients  are 
shown  in  Table  2.  Note  that 
R correlates  very  well  with 
i/h,  but  does  not  correlate 
significantly  with  any  of  the 
fragment  parameters:  in 
interround  communication 
between  fragmenting  munitions, 
the  development  of  violent  re- 
action is  independent  of 
fragment  parameters.  That 
the  fragments  contribute  to 
the  initiation  process  can 
be  seen  by  comparing  the  S0% 
separation  distance  for  a 
105mm  HEP  acceptor  and  a 
bare  charge  donor  of  the 
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Table  1.  Measured  and  Calculated  Results  for  Interround  Communication 


Donor 

Acceptor 

R (cm) 

Ef  (g/s2)xl010 

Pf  (g/m*s)xl07 

i (g/m*s)xl0S 

h (cm) 

Fragment  Areal 

Fragment  Areal 

total  Areal 

Acceptor 

Kinetic  Energy 

Momentum 

Momentum 

Wall  Thickness 

Ml  HE 

Mi  HE 

17.8 

5.6 

3.6 

11.3 

1.02 

Ml  HE 

M393A2 

25  ♦ 5 

S.6 

3.6 

11.3 

0.4 

M393A2 

Ml  HE 

26 

5.7 

2.4 

64.5 

1.02 

S"  54 

S"  54 

35. 4 

3.7 

4.1 

60.6 

1.65 

M393A2 

M393A2 

119.3 

5.7 

2.4 

64.5 

0.4 

Table  11.  Correlation  Coefficients  for  Regression  of  R onto  Various  Parameters 
R Ef  Pf  i F.f/h  Pf/h  i/b 

R 1 0.1S8  -0.548  0.524  O.SS7  0.227  0.960 

same  geometry  and  explosive  content.  The  threshold  for  the  HEP  donor 
was  119.5  cm,  that  for  the  bare  charge  donor  was  8.7  cm.  The  apparent 
ambiguity  can  be  resolved  by  noting  that  the  initiation  of  violent 
reaction  requires  casing  failure  and  the  explosive  to  be  under  compres- 
sion when  the  casing  fails.  Casing  failure  is  greatly  facilitated  by 
fragment  impact,  which  induces  high  stresses  in  the  casing,  causing 
incipient  spall.  Compression  of  the  explosive  is  determined  by  the 
deformation  of  the  casing,  however,  and  the  deformation  is  proportional 
to  the  impulse,  as  shown  earlier. 

The  Vulnerability  of  Cased  Munitions  to  Impact  by  Single  Fragments 

The  situation  discussed  above  would  change  with  increasing 
fragment  mass  and  velocity;  eventually  an  individual  fragment  would 
have  sufficient  areal  impulse  to  reach  the  critical  deformation  to 
cause  casing  failure.  Such  is  the  case  for  threshold  data  from  gun 
firings  where  there  is  no  loading  from  explosive  products  and  where  the 
response  of  the  target  is  to  impact  by  single  fragments.  Reeves' 
data  (6)  covered  fragment  masses  from  1.94  gm  to  15.55  gw,  impacting 
against  composition  B loaded  105mm  HE  warheads.  We  sponsored  acquisi- 
tion of  additional  data  for  identical  targets,  with  fragments  ranging 
from  75  gm  to  300  gm.  All  fragments  were  steel,  right  circular 
cylinders,  with  L/D  • 1.  The  response  the  targets  was  inferred 
from  post-firing  examination  of  a 2.5  cm  steel  witness  plate,  and  from 
recovery  of  target  fragments.  The  criterion  for  a violent  reaction 
was  perforation  of  the  witness  plate.  All  data  were  obtained  using 
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a standard  quantal  response  technique  (2).  The  data  are  plotted  in 

Figure  7,  together  with  Reeves' 
data.  The  fact  that  both  sets 
of  data  fall  upon  the  same 
curve  is  reassuring,  and  indi- 
cates that  no  experimental 
artifacts  have  been  introduced 
because  of  different  lots  of 
munitions  and  different  exper- 
imentors. 

It  is  reasonable  to 
expect  that  the  fragment  impact 
initiation  of  violent  reaction 
in  confined  targets  will  obey 
the  same  mechanism  as  does 
interround  communication.  If 
so,  the  criterion  for  initia- 
tion of  violent  reaction  is 
that  a critical  areal  impulse/ 
target  casing  thickness  ratio 
be  exceeded.  Thus,  we  have 
for  the  50%  threshold  locus 
of  mass  versus  impact  velocity, 

mV  p LV 

=*  constant  * 

V its  impact  velocity,  A its  area,  L its  length,  and 
Geometric  similarily  requires  that  L 

In  particular,  for  the  L/D  » 1 


Figure  7.  Threshold  initiation 
(50%)  for  fragment  impact  of 
105ram  shell. 


where  m is 


the  fragment  mass, 
h the  target  casing  thickness, 
be  proportional  to  the  fragment  radius, 
fragments  used  here, 


mV 

aK 


2p  rV 


Since 


r ■ 


m 

!p? 


1/3 


the  criterion  becomes 


* conscant. 
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The  data  of  Figure  7 are  replotted  in  Figure  8 (circles). 

The  solid  curve  is  a straight 
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line  with  a slope  of  -3. 

Note  that  the  fit  is  good 
over  a three  decade  change 
in  mass.  This  provides 
very  strong  support  for  a 
mechanism  which  leads  to  an 
areal  impulse  criterion  for 
initiation  of  violent  reaction. 


Two  corollaries  fol- 
low from  the  above  results: 
First,  if  the  condition  for 
initiation  of  violent  reaction 
is  that  sufficient  deformation 
of  the  casing  occur  to  cause 
failure,  i.e.,  crack  genera- 
tion, then  the  threshold  for 
initiation  should  lie  very 
close  to  the  ballistic  limit 
for  the  casing.  To  check 
this,  firings  against  wax 
filled  105mm  shell  were  con- 
ducted using  30  gm,“150  gm, 

and  300  gm  L/D  = 1 steel,  cylindrical  fragments.  Some  firings  of 
fragments  with  masses  of  3.87  g and  15.45g  reported  by  Reeves  (6)  are 
included,  also. 


veiociTT/cAse  tmicknjss  i$*'i 


Figure  8.  Comparison  of  initiation 
thresholds  for  rockets  and  shell, 
ballistic  limit  of  shell. 


The  data  are  shown  in  Figure  8,  where  the  solid  circles  repre- 
sent the  average  of  the  highest  impact  velocity  at  which  no  perforation 
of  the  casing  was  obtained  and  the  lowest  velocity  at  which  perforation 
occurred.  As  can  be  seen,  the  conditions  for  initiation  and  the 
ballistic  limit  are  nearly  coincident. 

The  second  corollary  is  that,  if  the  condition  for  initiation 
is  essentially  that  casing  failure  occur,  then  that  condition  would 
apply  to  different  explosives  systems,  provided  that  the  explosive  is 
not  very  insensitive  (a  very  insensitive  explosive  could  cause  the 
initiation  to  depend  upon  explosive  parameters,  rather  than  casing 
parameters).  Some  fragment  impact  data  for  the  US  5"  rocket  motor  and 
122mm  Soviet  rocket  motor  from  (.7)  are  shown  in  Figure  8.  Note  that 
the  data  are  concident  with  the  105mm  Ml  data,  in  spite  of  major 
differences  in  composition  of  the  filler.  The  compositions  of  the 
rocket  motor  propellant  and  the  explosive  fill  are  shown  in  Table  3. 


1804 


HOWE  S FREY 


Table  III.  Chemical  Composition 


Munition 

lOSma  Ml  HE 
lOSnm  M393  HEP 

3”  MK  10  Mod  7 Rocket 

122am  Soviet  Rocket 

Navy  5”  S4 


Composition 

3 

A-3 

double  base  prop, 
double  base 
A-3 


Principal  Ingredients 

60*  RDX,  40*  TNT 

91*  RDX,  9*  Wax 

151.4*  Nitrocellulose, 
t 42.9%  Nitroglycerine, 
( 3%  Diethylphthalate 

(Coarposition 

Classified) 

91%  RDX,  9%  Wax 


It  is  apparent  that,  at  least  for  those  systems  for  which  data  exist, 
the  initiation  of  violent  reaction  by  fragment  impact  is  independent 
of  the  filler  and  is  determined  by  the  response  of  the  casing. 


Remedial  Techniques 

An  understanding  of  the  mechanism  of  initiation  permits  dev- 
elopment of  techniques  which  prevent  or  reduce  the  frequency  of  violent 
reactions  resulting  from  fragment  impacts  and  the  detonation  of  nearby 
warheads.  For  munitions  in  the  inventory,  protective  shields  can  be 
developed  which  reduce  the  stress  levels  and  stress  gradients  experi- 
enced by  the  target  casings,  thus  reducing  the  probability  of  casing 
failure.  Elementary  considerations  in  shock  physics  indicate  that 
the  best  shields  are  those  composed  of  materials  with  low  shock  impe- 
dances. The  presence  of  a low  shock  impedance  material  between  the 
impacting  fragments  and  the  casing  causes  a more  gradual  buildup  of 
pressure  in  the  casing  and  allows  more  time  for  rarefactions  to  reduce 
the  peak  stress.  Thus,  materials  such  as  polyvinyl  chloride,  foamed 
metal,  etc.  should  m ;e  good  shields. 

Based  on  this  reasoning,  shields  were  designed  to  prevent 
interround  communication  between  105mm  M 456  HEAT  warheads  contained 
in  a tank  ammunition  compartment.  The  effectiveness  of  the  shields 
relied  upon  prevention  of  direct  impacts  by  fragments  upon  warhead 
casings  and  reduction  of  the  shock  wave  strength  experienced  by  casing 
and  explosive.  A series  of  tests  involving  two  warheads  and  a single 
shield  per  test  demonstrated  that  a Scm  x Scm  x 40cm  polyvinyl  chlor- 
ide bar  effectively  prevented  reaction  of  the  acceptors.  Thus,  in 
fifteen  tests,  not  a single  acceptor  warhead  detonated,  exploded,  or 
showed  any  evidence  of  reaction.  For  these  tests,  the  wall  to  wall 
warhead  separation  was  5 cm.  Three  further  tests  were  conducted  to 
assess  the  effectiveness  of  the  shields  in  a simulated  tank  ammunition 
compartment.  The  compartment  geometry,  wall  thicknesses,  interround 
spacing,  etc.,  closely  replicated  designs  currently  under  consideration 
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for  the  XM1  tank.  A schematic  of  the  setup  is  shown  in  Figure  9. 

One  warhead  in  each  test  was 
deliberately  detonated  by 
attacking  it  with  Rockeye 
shaped  charge.  In  each  test, 
only  the  deliberately  detonat- 
ed warhead  reacted.  Results 
of  tests  and  design  information 
have  been  provided  the  project 
manager,  for  incorporation 
into  the  XM1  tank. 

Another,  complementary 
approach  can  be  applied  to  new 
warheads  entering  the  inventory. 
Ignition  occurs  when  the  casing 
fails,  and  is  believed  to  be 
caused  by  the  rapid  extrusion 
of  the  explosive  through  cas- 
ing cracks.  If  this  is  so, 
the  ignition  threshold  could  be 
raised  by  lining  the  warhead 
with  a thin  layer  of  a pliable 
polymeric  material,  which  would 
act  as  a buffer  between  explosive  and  m«tal  interface,  during  extrusion. 
(Experiments  have  shown  that  ignition  occurs  more  readily  as  a result  of 
metal-  explosive  friction  than  explosive-plastic  or  explosive-explosive 
interactions.)  To  test  this  hypothesis,  105mm  Ml  casings  were  lined  with 
a 3mm  coating  of  cellulose  acetate  butyrate.  The  coating  thickness  was 
chosen  somewhat  arbitarily  and  does  not  represent  a minimum  effective 
thickness.  (Note,  however,  that  3mm  is  much  too  thin  to  provide  signi- 
ficant shock  attenuation  - if  shock  ignition  is  the  mechanism,  the  coat- 
ing will  be  ineffectual.)  Firings  were  conducted  against  the  polymeric 
lined  munitions  with  8 gm  steel  fragments.  The  501  threshold  for  such 
a fragment  against  an  unprotected  munition  is  1470  m/s  (4823  f/s). 

With  the  lined  munitions,  no  evidence  of  reaction  was  obtained  at  impact 
velocities  of  1740  m/s  (5700  f/s),  although  this  is  well  beyond  the 
ballistic  limit  of  the  casing,  and  perforation  occurred.  Mild  burning 
reactions  weTe  obtained  at  higher  velocities.  Even  at  impact  velocities 
of  nearly  2000  m/s  (6500  f/s)  the  warheads  did  not  react  with  sufficient 
violence  to  split  open  the  casings. 


Figure  9.  Mockup  of  tank  compartment 
for  confinement  effects. 
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SUMMARY  ANT)  CONCLUSIONS 

Experiments  are  reported  which  were  conducted  to  determine 
the  interactions  which  occur  between  vicinal  munitions.  These  experi- 
ments provided  a data  base  we  needed  to  address  mass  detonation  issues 
and  were  designed  to  provide  mechanistic  information.  Available 
theory  and  analysis  provided  a criterion  for  initiation,  based  upon 
an  assumption  about  the  mechanism.  The  initiation  criterion  permitted 
description  of  the  threshold  conditions  for  interround  communication. 

In  addition,  it  was  found  that,  although  the  fragments  participated 
in  ^nterreund  communication,  the  process  was  insensitive  to  donor 
fragment  parameters,  contrary  to  expectation. 

Single  fragment  impact  data  was  obtained  against  heavily 
confined  targets.  The  data  base  was  extended  over  that  available  in 
the  literature  so  that  the  masses  for  impacting  fragments  ranged  from 
2 to  300  gms.  The  initiation  criterion  developed  for  interround 
communication  was  tested  against  single  fragment  impact  initiation 
and  shown  to  apply  over  three  decades  change  in  mass,  the  entire  range 
for  which  data  are  available.  Both  the  interround  communication  data 
and  the  single  fragment  impact  data  were  shown  to  be  consistent  with 
a mechanism  which  involved  deformation  of  the  casing,  compression  of 
the  explosive,  failure  of  the  casing,  rapid  extrusion  of  the  explosive 
into  cracks,  causing  ignition,  and  spread  of  reaction.  Failure  of  the 
casing  was  found  to  be  the  critical  step,  and  the  initiation  criterion 
was  identified  with  the  ballistic  limit  of  the  casing. 

Since  the  rupture  of  the  casing  controlled  the  initiation 
process,  the  model  should  be  applicable  to  other  systems  with  similar 
geometries,  but  not  necessarily  similar  chemical  compositions.  This 
hypothesis  was  tested  against  the  US  5"  MK  10  mod  7 rocket  motor  and 
the  USSR  122mra  rocket  motor.  Within  the  accuracy  of  the  data,  the 
initiation  criterion  applied  equally  well  to  these  two  systems  as  for 
the  composition  B targets  for  which  it  was  developed. 

Additional  experiments  were  conducted  to  verify  the  hypothesis 
that  initiation  resulted  from  rupture  of  the  casing  and  extrusion  of 
the  explosive  into  cracks.  Constantan  strain  gauges  and  manganin 
pressure  gauges  were  used  to  monitor  the  response  of  casing  and  explo- 
sive to  various  stimuli.  It  was  found  that  catastrophic  reaction  re- 
sulted immediately  after  casing  failure,  given  a deliberate  ignition 
source.  If  the  samples  were  not  deliberately  ignited,  but  were  sub- 
jected to  rapid  deformation,  ignition  occurred  when  rupture  occurred, 
with  subsequent  violent  reaction 
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Understanding  of  the  mechanism  was  used  to  develop  remedial 
techniques.  The  use  of  low  shock  impedance  materials  to  prevent  cas- 
ing fracture  was  explored  and  a technique  which  prevented  any  inter- 
round  propagation  in  compartmentalized  tank  HEAT  ammunition  was  dev- 
eloped. Design  information  was  provided  to  the  XM1  project  manager, 
for  incorporation  into  the  new  tank. 

A technique  was  developed  and  tested  applicable  to  munitions 
entering  the  inventroy.  This  technique  isolates  the  explosive  from 
the  casing  and  greatly  improves  the  response  of  the  munition  to 
fragment  impact. 
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ABSTRACT 


As  a safety  feature,  nuclear  reactors  are  enveloped  in  a reinforced 
concrete  structure  to  prevent  accidentally  released  radioactive  material 
from  escaping  co  the  atmosphere.  This  containment  structure  should 
sustain  only  minor  damage  when  subjected  to  missile  impact.  Potential 
missiles  include  those  generated  by  tornados,  such  as  steel  rods,  steel 
pipes,  wooden  poles,  and  automobiles.  In  certain  locations,  aircraft 
that  are  taking  off  or  landing  are  potential  missiles.  Missiles  may  also 
be  gorerated  inside  the  nuclear  power  plar.t.  They  include  steel  pipes 
and  fluid  jets  resulting  from  pipe  breaks  and  portions  of  a fractured 
turbine  hub.  Reinforced  concrete  barrier  walls'  are  constructed  to  pro- 
tect vulnerable  parts  of  the  power  plant  from  internally  generated  missiles. 

This  paper  concerns  some  of  the  elementary  approaches  to  the  design 
of  reinforced  concrete  structures  adopted  by  structural  engineers  working 
in  the  nuclear  power  industry.  The  approaches  concentrate  on  local  and 
overall  response  of  reinforced  concrete  slabs  to  hard  missile  impact. 

For  local  response,  military  empirical  formulas  are  evaluated  for 
use  in  nuclear  industry  safety  analysis  by  comparing  predicted  penetration 
and  scabbing  thickness  with  the  results  of  recent  tests  in  which  steel 
rods  and  pipes  strike  concrete  slabs  at  velocities  below  500  ft/ sec.  New 
empirical  formulas  are  presented  that  are  based  on  these  tests. 

For  overall  or  structural  response,  ntandard  resistance  function 
methods  are  described  for  approximating  elastic-plastic  or  rigid'plastic 
behavior.  Suggestions  are  made  for  treating  higher  mode  structural 
response. 

Some  design  criteria  are  recommended. 
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1. 


Introduction 


As  a safety  feature,  nuclear  reactors  are  enveloped  in  a reinforced 
concrete  structure  to  prevent  accidentally  released  radioactive  material 
from  escaping  to  th»  atmosphere.  This  containment  structure  should 
sustain  only  minor  damage  when  subjected  to  missile  impact.  Potential 
missiles  include  those  generated  by  tornadoes,  such  ar,  steel  rods,  steel 
pipes,  wooden  poles,  and  automobiles.  In  certain  locations,  aircraft 
that  are  taking  off  or  landing  are  potential  missiles.  Missiles  may  also 
be  generated  inside  the  nuclear  power  plant.  They  include  steel  pipes  and 
fluid  jets  resulting  from  pipe  breaks  and  portions  of  a fractured  turbine 
hub.  Reinforced  concrete  barrier  walls  are  constructed  to  protect 
vulnerable  parts  of  the  power  plant  from  internally  generated  missiles. 

This  paper  concerns  some  of  the  elementary  approaches  to  the  design 
of  reinforced  concrete  structures  adopted  by  structural  engineers  working 
in  the  nuclear  power  industry.  The  approaches  concentrate  on  local  and 
overall  response  of  reinforced  concrete  slabs  to  hard  missile  inpact. [1,2] 

To  acquire  predictive  capabilities  for  local  response,  such  as  depth 
of  missile  penetration  in  a concrete  slab,  military  empirical  formulas  de- 
rived for  ballistic  applications  are  being  evaluated  by  comparing  their 
predictions  with  the  results  of  tests  conducted  by  the  nuclear  power  industry 
since  1973.  In  these  tests,  the  missiles  were  steel  rods  or  pipes  and  the 
impact  velocities  were  below  500  ft/sec.  Another  approach  being  pursued  is 
the  formulation  of  new  empirical  formulas  based  on  the  recent  teat  results. 

A simple  method,  based  on  an  approximation  of  the  penetration  behavior, 
is  outlined  for  providing  the  loading  required  to  determine  the  structural 
response.  Methods  are  outlined  for  obtaining  the  loading  when  the  target 
deforms  structurally  during  impact  and  when  the  hard  missile  crushes 
slightly  at  the  impact  end. 

For  the  approximate  overall  response  of  structures  that  suffer 
acceptable  local  damage,  resistance  function  methods  are  applied  to  ob- 
tain elastic-plastic  or  rigid-plastic  behavior.  Suggestions  are  made  for 
treating  structural  response  when  the  missile  impact  stimulates  high  modes 
that  change  shape  as  deformation  proceeds. 
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Some  recommended  design  criteria  are  presented  to  show  (1)  the  limits 
of  slab  deformation,  in  the  form  of  ductility  ratios  and  rotations  at 
yield  lines,  and  (2)  slab  reaction  and  missile  punching  shear. 

Many  of  the  problems  of  design  against  pulse  and  impact  loads  tackled 
by  the  nuclear  power  industry  are  not  dealt  with  in  this  paper.  These 
omissions  include  the  topics  of  steel  containment  structures,  soft  missile 
impact,  and  blast  or  compartment  pressurization  effects. 


2.  Local  Missile/Target  Interaction 

The  design  approaches  depend  on  whether  the  missile  is  "hard"  or 
"soft";  that  is,  whether  the  deformability  is  small  or  large  relative  to 
the  deformability  of  the  concrete  target.  Steel  rodB  and  pipes  are 
examples  of  hard  missiles,  and  wooden  utility  poles  and  aircraft  are 
examples  of  soft  missiles.  Hard  missile  impact  causes  local  wall  damage 
and  overall  structural  response,  whereas  soft  missile  impact  causes  only 
overall  structural  response. 

To  describe  local  damage  from  hard  missiles,  the  following  terms  are 
defined  according  to  usage  in  the  nuclear  industry. 


Penetration: 

Perforation: 

Perforation 
Thickness : 

Scabbing: 

Scabbing 

Thickness: 

Spalling  < 


missile  displacement  into  the  target 

full  penetration  (target  thickness  for  normal  impact) 

is  the  critical  wall  thickness  H ■ e at  which 
perforation  just  occurs  for  a given  missile  and  velocity 

peeling  off  of  material  from  target  back  face 
(back  face  spall) 

is  the  critical  wall  thickness  H *•  S at  which 
scabbing  just  occurs 

ejection  of  material  from  target  front  face. 


Figure  1 shows  schematically  the  local  interaction  of  a hard  missile, 
such  as  a steel  rod,  and  a reinforced  concrete  slab.  Upon  impact,  a com- 
pressive stress  wave  is  generated  in  both  the  rod  and  the  concrete.  The 
amplitude  of  the  stress  wave  is  governed  by  the  material  pioperties  of 
the  steel  missile  and  the  concrete  target  and  by  the  impact  velocity. 

The  duration  and  shape  of  the  stress  wave  is  governed  by  the  contact 
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area  and  the  dimensions  of  the  missile  and  target.  Concrete  compaction 
occurs  at  the  edge  of  the  contact  area.  This  damage  causes  spalling  from 
the  front  surface  (Figure  lb) . 

The  diverging  stress  wave  propagating  in  the  concrete  is  reflected 
from  the  back  face  as  a diverging  tensile  stress  wave,  which  can  cause  a 
tensile  fracture  plane  that  may  result  in  scabbing,  often  to  the  depth 
of  the  back  face  reinforcing  steel  (Figure  lb) . Occurrence  of  scabbing 
depends  on  slab  thickness,  missile  configuration,  and  impact  velocity. 
Increasing  the  slab  thickness  increases  incident  wave  divergence  and 
attenuation  and  consequently  decreases  the  amplitude  of  the  reflected 
tensile  wave.  Similarly,  decreasing  the  contact  area  increases  incident 
wave  divergence  and  decreases  wave  amplitudes.  A missile  configuration 
change  alone,  such  as  a change  from  a steel  rod  to  a steel  pipe  with  the 
same  contact  area,  will  generally  enhance  divergence  and  decrease  wave 
amplitudes. 

Following  the  first  few  wave  reflections,  the  stress  distribution 
gradually  changes  to  the  bending  and  shear  stress  distribution  for  static 
plate  loading.  Concrete  compaction  ahead  of  the  missile  increases  as  the 
missile  penetrates  until  an  unloading  wave  arrives  from  the  rear  of  the 
missile.  Meanwhile,  the  initial  shear  cracking  (punching  shear)  has  been 
increasing.  Because  of  the  stress  redistribution,  this  cracking  develops 
into  a spreading  tensile  crack  (Figure  lc)  to  define  a plug.  At  this 
time,  the  damage  regions  have  been  defined  but  cracking  is  still  incipient 
because  relative  motions  have  not  yet  been  great  enough. 

At  a late/  time,  the  concrete  plug  may  fully  separate  from  the  slab 
and  bring  the  back  face  reinforcement  into  play.  During  this  phase  the 
missile  reacher  full  penetration  or  it  perforates.  Figure  2 shows  the 
main  features  resulting  from  missile/target  interaction  [3]. 

3.  Local  Missile  Impact  Formulas 

Missile  impact  velocities  in  nuclear  power  safety  analyses  range 
from  100  to  S00  ft/sec.  Until  1975,  empirical  formulas  for  penetration, 
perforation,  and  scabbing  were  developed  only  for  military  applications 


where  the  velocity  range  of  interest  is  from  500  to  3000  ft/sec.  The 
basis  of  those  formulas  are  tests  with  nondeformable  missiles  in  this 
high  velocity  range  ana  parametric  ranges  limited  to 

H/d  > 3,  d < 16,  0.2  < W/d3  £ 0.8  (lb/in3) 

500  £ V £ 3000  (ft/sec) , 3 < e/d  £ 18,  3 < s/d  £ 18 

The  nomenclature  is  listed  in  Appendix  A.  Because  of  the  lack  of  test 
data  in  the  low  velocity  range,  the  existing  military  formulas  have  been 
used. 

Test  data  appropriate  to  the  requirements  of  the  nuclear  power  in- 
dustry are  now  becoming  available.  The  current  approach  to  safety  analysis 
is  to  compare  test  results  with  the  predictions  of  the  military  formulas 
when  used  outside  the  range  of  test  data  from  which  they  were  developed 
to  determine  if  any  of  the  military  formulas  are  applicable.  Another 
current  approach  is  to  develop  new  empirical  formulas  based  only  on  the 
new  appropriate  data. 

The  military  formulas  being  evaluated  with  the  new  data  are 

• Modified  Petry  [4-7] 

• Army  Corps  of  Engineers  (ACE)  [6,8] 

• Modified  Rational  Defense  Research  Committee 
(NDRC)  [7,9,10] 

• Aswan  and  Whitney  [11,12] 

e Ballistics  Research  Laboratory  (BRL)  [6]. 

New  formulas  that  have  been  developed  with  the  new  data  are 

e Bechtel  [13,14] 
e stone  and  Webster  [15] 
e Kar  modification  of  NDRC  [16]. 

All  the  above  formulas  are  presented  in  Appendix  B.  Much  of  the  new 
data  are  presented  in  Section  4. 

Figure  3 shows  the  penetration,  perforation  thickness,  and  scabbing 
thickness  predicted  by  the  military  formulas  for  a typical  missile  for 
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impact  vtlocitiu  up  to  500  ft/aec  on  * target  made  of  concrete  with  a 
crush  strength  of  5000  psi . The  example  illustrates  the  wide  range  of 
predictions  possible,  which  is  not  surprising  since  the  formulae  were 
developed  for  military  applications.  However,  comparisons  of  penetration 
and  scabbing  thicknesses  with  the  results  of  missile  tests  conducted  for 
the  nuclear  reactor  industry  indicate  that  the  modified  NDRC  formula  pro- 
vides useful  predictions  (Section  5) . For  pipe  missiles , the  formula 
requires  s change  in  the  definition  of  the  symbol  d (Appendix  A} , from 
the  diameter  of  a circle  with  the  same  contact  area  to  the  pipe  diameter, 
before  an  adequate  fit  of  the  data  can  be  obtained. 

Comparisons  of  the  NDRC,  Bechtel,  and  Kar  predictions  with  test 
results  ars  presented  in  Section  5. 


4.  Missile  Tests 

Data  from  missile  teste  conducted  for  the  nuclear  power  industry  are 
presented  in  Tables  1 through  4.  The  test  programs  ars  designated 

e Bechtel  (Table  1)  (17] 
e Bechtel/Calspan  (Table  2)  [13,18] 
e EPRI/Sandia  (Table  3)  [19] 
e HPRI/SRI  (Table  4)  (3| 

The  EPRI/SR1  program  was  not  conducted  specifically  to  generate  date  but 
to  investigate  the  more  fundamental  aspects  of  steel  missile/concrete 
target  interaction,  including  the  applicability  of  small-scale  testing. 

An  attempt  has  been  made  to  include  all  the  important  data  in  each 
table.  Details  are.  to  be  found  in  the  references  cited  above.  All  the 
penetrating  missiles  were  made  of  steel  and  were  axisymmetric , being 
either  solid  cylinders  or  pipes.  All  impacts  were  et  normal  incidence. 

5 . Comparison  of  Formula  Predictions  and  Tast  Results 

Penetration  and  scabbing  thicknesses  predicted  by  the  MDRC,  Bechtel, 
and  Kar  formulas  are  compared  with  test  results  of  Tables  1,  2,  3,  and  4 
in  Figures  4 through  8.  Note  that  the  WiRC  and  Kar  formulas  for  pane- 
| ( tration  are  the  same  for  solid  cylindrical  missiles. 
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Figure  4 compares  the  NDRC  predictions  with  the  Bechtel  rod  test  ) 

results  of  Table  1.  The  1-inch-diameter  rods  weighed  about  8 pounds 
and  the  average  weight  and  concrete  crush  strength  values  used  to  generate 
the  NDRC  curves  are  shown.  The  letter  P beside  a data  point  indicates 
that  perforation  occurred  in  that  test.  Except  for  the  one  data  point 
for  a 3-inch-thick  slab  perforated  by  the  red,  the  penetration  predictions 
are  good.  The  difference  occurs  because  the  NDRC  penetration  formula  was 
established  for  concrete  that  was  thick  enough  to  neglect  rear  surface 
effects  (infinitely  thick) , whereas  the  slab  thickness  for  this  test  was 
only  three  times  the  missile  diameter.  All  the  other  points  for  6-inch- 
and  9- inch-thick  slabs  are  predicted  very  well. 

It  is  harder  to  judge  the  quality  of  scabbing  thickness  predictions 
because  of  insufficient  data.  However,  the  predictions  are  at  least 
consistent  with  the  data.  One  test  (labeled  S in  Figure  4)  on  a 6- inch- 
thick  slab  showed  moderate  scabbing  damage  at  an  impac-  velocity  of 
220  ft/sec,  whereas  the  scabbing  thickness  prediction  is  about  5 inches. 

This  comparison  indicates  that  the  NDRC  predictions  for  scabbing  thickness 

may  be  low.  ^ 

Figure  5 compares  the  NDRC  predictions  with  the  Bechtel/Calspan 
steel  slug  test  results  of  Table  2.  Data  points  labeled  P and  S indicate 
perforation  and  scabbing.  The  8-inch-diameter  steel  slug  missile  weighed 
about  214  pounds,  and  the  slab  thicknesses  were  12,  18,  and  24  inches. 

These  dimensions  do  not  provide  slab  thicknesses  many  times  the  missile 
diameter,  so  it  is  not  surprising  to  see  poor  coaiparison  of  penetration 
predictions  with  the  data.  On  the  other  hand,  it  is  surprising  to  see 
such  good  agreement  of  the  scabbing  thickness  predictions  with  the  data. 

Figure  6 compare!  the  l©RC,  Bechtel,  and  Kar  predictions  with  the 
Bechtel/Calspan  pipe  test  results  in  Table  2.  The  8- inch-diameter  steel 
pipe  missile  weighed  about  206  pounds  and  the  slab  thicknesses  were  12, 

18,  and  24  inches;  the  pipe  missile  weighs  about  the  same  as  the  slug 
missile.  The  NDRC  and  Kar  penetration  predictions  are  in  good  agreement 
with  the  pipe  test  results,  unlike  prediction  comparison  in  Figure  5 for 
the  slug.  The  stain  difference  between  the  pipe  and  slug  missiles  is  that 
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one  dimension  of  the  pipe  contact  area,  the  pipe  thickness,  is  small 
relative  to  the  slab  thickness,  which  is  more  in  keeping  with  the  test 
conditions  used  to  empirically  establish  the  penetratior  formulas.  The 
NDRC,  Bechtel,  and  Kar  scabbing  thickness  predictions  agree  well  with 
the  test  results,  especially  those  of  Bechtel  and  Kar.  The  NDRC  pre- 
diction is  very  conservative. 

Figure  7 compares  the  NDRC,  Bechtel,  and  Kar  predictions  with  the 
EPRI/Sandia  pipe  test  results  in  Table  3.  The  12-inch-diameter  pipe 
missile  weighed  743  pounds  and  the  slab  thicknesses  were  12,  18,  and 
24  inches.  The  NDRC  and  Kar  penetration  predictions  are  in  good  agree- 
ment- with  most  of  the  pipe  test  results.  The  data  point  labeled  P in- 
dicates that  the  pipe  perforated  the  12-inch-thick  slab.  This  is  the 
point  farthest  above  the  prediction  curves  because  of  departure  from 
the  condition  that  a massive  block  of  concrete  is  required  before  the 
formulas  can  be  expected  to  predict  penetration.  The  point  farthest 
below  the  prediction  curves  is  from  a test  in  which  the  inqpact  velocity 
of  222  ft/sec  led  to  considerable  miesile  deformation  (1.1  in),  which 
accounts  for  the  low  penetration.  The  Bechtel  and  Kar  scabbing  thickness 
predictions  compare  well  with  the  test  results.  The  NDRC  predictions, 
although  safe,  are  excessively  conservative. 

Figure  8 compares  the  NDRC,  Bechtel,  and  Kar  predictions  with  the 
EPRX/SRI  pipe  test  results  in  Table  4.  The  2- inch-diameter  pipe  missile 
weighed  2.83  pounds  and  the  slab  thicknesses  were  about  1.9,  2.8,  and 
3.7  inches.  The  NDRC  and  Kar  penetration  predictions  are  in  good  agree- 
ment with  most  of  the  pipe  test  results.  The  two  data  points  above  the 
prediction  curves  are  from  tests  with  perforation  and  scabbing  and 
represent  a considerable  departure  from  the  massive  concrete  block  re- 
quired for  application  of  the  penetration  formulas.  The  Bechtel  and  Kar 
scabbing  thickness  predictions  compare  well  with  the  test  results.  The 
NDRC  predictions,  although  safe,  are  again  excessively  conservative. 

6.  Hard  Missile  Structural  Loading 

A method  of  determining  the  force  history  on  a reinforced  concrete 
slab  caused  by  hard  missile  impact  is  to  use  the  contact  pressure  assumed 
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in  the  derivation  of  the  NDRC  penetration  formula  [9].  This  empirical 
pressure  relationship  is 


( cv0-2 

X 

x < 

2d 

2d 

p - 

| cvu 

x > 

2d 

where  c is  a constant 

and  v 

and 

x are 

functions  of  time  to  be 

determined.  Substituting  (1)  in  the  equation  of  motion  for  the  missile 


W dfx 

g dt2 


(2) 


provides  ..n  equation  that  can  be  solved  for  the  missile  penetration  and 
velocity.  The  solutions  are  in  the  form  t - t(x)  and  v * v(x)  such 
that  p(t)  is  not  obtained  explicitly.  However,  a numerical  determina- 
tion of  the  pressure-time  relationship  is  straightforward. 

By  making  a comparison  with  the  above  derivation,  Kennedy  [l]  has 
shown  that,  for  many  missile  impact  cases  of  interest,  a satisfactory 
loading  pulse  is  obtained  by  assuming  that  the  resistive  pressure  is 
constant  during  penetration.  The  assumption  is  the  same  as  assuming  a 
constant  missile  deceleration  or  a missile  velocity  that  decreases 
linearly  with  time.  Thus,  the  constant  force  applied  to  the  slab  is 


F - 


WV2 

2gx 


(3) 


) 


where  x is  obtained  from  a penetration  formula.  The  duration  of  the 
force  is 


2x 

V 


(4) 


Equations  (3)  and  (4)  define  a rectangular  pulse. 

Kennedy  [1]  also  suggested  how  to  account  for  target  deformability 
and  for  a small  amount  of  missile  crushing.  For  target  deformability 
only,  let  x^x^  and  be  the  missile  and  target  displacements 

and  velocities  at  time  t,  and  let  W and  W.  be  the  missile  weight 

iii  t 
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and  target  effective  weight  (effective  weight  ia  determined  in  Section  7.3). 
The  empirical  pressure  relationship  (1)  becomes 


c(V  - V ) U (x  - x ) /2d  x - x.  < 2d 
m t m t n t 

(5) 

c(V  - VJ W x - x > 2d 

n t m t 

and  the  equations  of  motion  for  the  missile  and  target,  replacing  (2) , 
are 


Setting  x ■ x - x.  and  v ■ v - v reduces  equation  (5)  to  equation  (1) 
n t n t 

and  reduces  the  difference  between  equations  (6)  to 


1 

1 + (W 


w 

m 

g 


d2x 

dtl 


(7) 


which  is  the  same  as  equation  (2)  but  with  a smaller  missile  weight.  The 

NDRC  penetration,  x,  is  therefore  obtained  by  reducing  the  missile  mass 

to  N /(l  + w /W  ).  The  rectangular  pulse  on  the  slab  is  then  given 
n w t 

approximately  by  (3)  and  (4)  with  this  new  value  of  x. 

For  a small  amount  of  missile  crushing  at  the  impact  end,  Kennedy  [1] 
has  suggested  using  the  empirical  relationship  for  the  contact  pressure 
until  thw  missile  crush  pressure  is  reached;  the  crush  pressure  may  be 
approximated  by  the  bilinear  yield  stress  of  the  missile  material. 

this  crush  pressure  constant,  the  penetration  and  penetration 
1 are  still  assumed  to  be  related  by  (1);  this  relationship  de- 
tv..  the  penetration  in  the  form  t ■ t(x).  To  describe  how  the 
missile  stops,  the  equation  of  motion  (2)  is  used  with  the  constant 
crushing  pressure.  The  difference  between  the  distance  travelled  by 
the  major  undeformed  part  of  the  missile  and  the  depth  of  penetration  is 
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the  missile  crushup.  Practical  examples  are  presented  in  reference  (1). 

It  is  shown  from  these  examples  that  the  missile  crush  displacement  must 
be  over  40%  of  the  nondeformable  missile  penetration  depth  before  missile 
crush  will  have  a significant  influence  on  calculated  scabbing  thicknesses. 

For  the  approximate  slab  loading  when  the  end  of  the  missile  crushes, 
let  F and  x in  (3)  be  interpreted  as  the  missile  crushing  force  and 
the  stopping  distance  of  the  major  undeformed  portion  of  the  missile. 
Substitution  of  x in  (4)  gives  the  pulse  duration. 

Methods  for  determining  target  loading  from  soft  missile  impact  are 
not  discussed  here,  but  many  papers  are  published  on  this  topic  in  Nuclear 
Engineering  and  Design,  an  international  journal  devoted  to  t.he  thermal, 
mechanical,  and  structural  problems  of  nuclear  energy  (North  Holland 
Publishing  Company) . A recommended  approximate  formula  used  in  the 
nuclear  power  industry  for  preliminary  calculations  of  the  loading  is 
contained  .in  references  [2]  and  [20]. 


7.  Ovsrall  Structural  Response 

An  approximate  analysis  for  determining  the  structural  response  to 
missile  impact  uses  the  resistance  function  method  [21]  in  which  the 
structure  is  assumed  to  behave  as  an  elastic-plastic  or  rigid-plastic 
single-degree-of-freedom  system  (SDFS) . 


7.1  Single-Degree-of-Freedom  System 


Figure  9a  shows  a SDFS  having  the  bilinear  elastic-plastic  resistance 
function  shown  in  Figure  9b.  As  discussed  in  the  previous  section,  a 
reasonable  approximation  to  the  loading  is  the  rectangular  pulse  shown 
in  Figure  9c.  In  problems  where  the  maximum  deflection  x^  is  many  times 
the  elastic  limit  deflection  x , the  governing  equations  are 


MX 


0 < t < t 


t 

c 


<t<fca 

< t < t 

m 


0 < x < x 

e 

X < X < X . 

e d 

X , < X < X 

d a 


(8) 
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in  which  the  nomenclature  of  Figure  9 has  been  used.  Solving  (8),  gives 
the  maximum  deflection  as 


xm  “ xd  + 


d 2R 


IQ 

i W 


where 


*a  “ *e  + *c<l:a  • V + ir1  ‘‘a  * Ee)! 


F -R  . , 

• • 1 m (t,  - t ) 

x . « x + — - — d e 
d c M 


1 j 

X » T“  (1  - COS  U) t ),  w ■ k/M,  X 
6 K G € 


. F1 

x » — sin  ut 
c k e 


A measure  of  the  deflection  is  the  ratio  of  the  final  deflection 
to  the  maximum  elastic  deflection.  This  ratio  is  called  the  ductility 


ratio,  m,  so 


Xm 

u . - 
e 


The  loading  and  the  structure  are  frequently  characterized  by  the 
parameters 


C ■ — 
R F, 


c 

^T  T 


where  T * 2n/u  is  the  natural  period  of  vibration  of  the  SDFS.  In 
terms  of  these  parameters  the  ductility  ratio  is,  from  the  solution  of 
(8), 


(11) 


One  of  the  current  safety  criteria  for  structures  is  that  the  ductility 
factor  should  not  exceed  specified  levels  (Section  8) . For  different 
rectangular  pulse  loads  and  SDFS  represented  by  CD  and  C_,  the  ductility 
ratio  is  determined  by  (11)  provided  the  governing  equations  are  those  of 
(8).  If  equations  (8)  do  not  apply,  as  in  the  case  of  purely  elastic 
response,  formulas  analogous  to  (11)  are  readily  derivable.  However,  the 
ductility  ratios  for  SDFS  with  elastic-pla3tic  resistance  functions  sub- 
jected to  rectangular  pulse  are  available  in  the  form  of  a chart.  This 
chart  is  shown  in  Figure  10,  which  was  taken  from  reference  [22];  this 
chart  is  also  contained  in  reference  [21].  Similar  charts  for  other 
simple  pulse  shapes  are  also  available  [21,22]. 

For  deflections  that  are  many  times  the  elastic  limit  deflection,  a 
rigid-plastic  resistance  function  is  adequate.  Instead  of  (8),  the 
governing  equations  are 


Kx 


F - R 
1 m 

- R 
m 


0 < t < t. 


t . < t < t 
d m 


(12) 


and  the  solution  is 


vri  - 

2MR 


(13) 


In  terms  of  the  ductility  ratio  (9)  and  the  parameters  (10) , the  result 
(13)  is 


y - 2tt 


(14) 
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Formula  (14)  provides  a rapid  initial  assessment  of  a design  for  the 
structural  resistance  to  har*  missile  impact. 


o 


7 . 2 Equivalent  SDFS 

Before  the  resistance  function  method  can  be  used  to  determine  the 
response  of  a structure,  the  structure  must  be  idealised  to  an  equivalent 
SDFS.  The  structure  is  then  analyzed  by  solving  the  equations 


MX  + kX'F  (t) 
e e e 


0 < X < X. 


(15) 


M.*  * V ' Vt( 


X < 


where 


( 


* equivalent  mass  « K^Mt 

Mfc  » total  mass  of  structure 

k#  ■ equivalent  stiffness  ■ K^k 

k * stiffness  of  structure 

F « equivalent  load  • K F 
® L 

F ■ load  on  structure 

■ equivalent  maximum  resistance  ■ I R. 


, and  are  the  mass,  stiffness,  and  load 
transformation  factors.  These  factors  are  established  by  assuming  a 
deflected  shape  or  mode  for  the  structure  so  that  deflections  are  known 
once  the  amplitude  has  been  determined.  The  assumed  mode  is  usually 
taken  as  the  shape  caused  by  a static  application  of  the  dynamic  loads. 
Because  of  the  selection  of  a fixed  mode,  it  is  necessary  co  predict 
in  advance  whether  response  wi.ll  be  primarily  elastic,  elastic-plastic, 
or  plastic. 


Xn  these  definitions,  K^,  J 
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The  procedure  for  finding  the  transformation  factors  is  described 
below  by  means  of  the  example  problem  shown  in  Figure  11.  In  this 
problem  a uniform  clamped  beam  (Figure  11a)  with  an  elastic-plastic 
resistance  function  (Figure  11c)  is  subjected  to  a rectangular  pulse 
(Figure  lib)  over  a central  length,  and  it  is  assumed  that  most  of  the 
response  is  plastic.  The  mode  is  therefore  taken  as  the  fundamental 
plastic  mode  (Figure  lid) 


$(x) 


(16) 


so  that  the  deflection  is 


w(x,t)  - X(t)  <|>(x)  (17) 

where  X is  the  central  deflection  and  the  required  amplitude  of  the 
mode. 

The  equivalent  mass  of  the  SbFS  is  derived  by  equating  kinetic 
energy  to  that  of  the  beam.  Thus 


1 

2 


2 


L/2 


1 mw2dx 

2 


(18) 


Substitution  of  (17)  in  (18)  gives 


M 

e 


L/2 

m{(Mx)  ]*dx 


1 

3 


N 


t 


where  the  mode  shape  (16) 
formation  factor  is 


has  been  introduced. 


Thus  the  mass  trans- 
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The  equivalent  load  for  the  SDFS  is  derived  by  equating  the  work 
done  by  the  load  to  that  done  on  the  beam.  Thus 


p(x,t) dwdx 


which,  for  a uniformly  distributed  rectangular  pulse  and  plastic  mode 
shape  (16),  reduces  to 


F.*F  i(l-£) 

so  that  the  load  transformation  factor  is 

The  equivalent  stiffness  of  the  SDFS  is  the  same  as  the  total  static 
load  (distributed  in  the  same  manner  as  the  dynamic  load)  that  produces 
the  same  unit  deflection  as  the  beam.  For  unit  deflection 

R - k (SDFS)  R - k (Beam) 

© © 

But  R ■ R(1  - a/2L)  for  the  plastic  deformation  mode  (16),  so 
e 

k - R » K,R  » K,k 
e e L h 

The  stiffness  transformation  factor  is  the  same  as  the  load  trans- 

formation factor 

The  equivalent  maximum  resistance  of  the  SDFS  is  the  same  as  the 
total  static  load  (distributed  in  the  same  manner  as  the  dynamic  load) 
that  causes  collapse  of  the  beam.  Thus 
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Rme  * keXE  (SDFS)  Rffi  - kXg  (Beam) 


) 


giving 


R 

me 


k 

if  R»  “ Vm 


The  3tatic  elastic  central  deflection  of  the  clamped  beam  of  span  L 
subjected  to  a total  load  R uniformly  distributed  over  a central  length 
a is 


X 


RL3 

192EI 


R 

k 


where  El  is  the  flexural  rigidity,  and 


Hence  the  beam  stiffness  is 


k 


192EI 


The  static  collapse  load,  obtained  from  moment  equilibrium  when 
plastic  hinges  exist  at  the  supports  and  center  (Figure  ,\lo)  where  the 
fully  plastic  moments  are  denoted  by  Mp,  is 


All  the  expressions  have  r.ow  been  derived  to  proceed  with  the 
solution  of  the  SDFS  equations  (15).  The  equations  can  be  put  in  the 
form 
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(19) 


for  solution,  according  to  the  procedure  in  Section  7.1,  to  find  the 
ductility  ratio  y in  terms  of  the  parameters  C and  C . From 

R T 

(15)  and  (19)  the  natural  period  is 


Transformation  factors  have  been  derived  for  common  load  and 
structural  configurations  [21].  In  slabs,  for  example,  where  the  plastic 
response  dominates,  the  mode  is  obtained  from  yield  line  theory  to 
determine  transformation  factors  and  static  collapse  loads. 


I 

i 

i 

it 

# 
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7.3  Higher  Mode  Response 

If  the  loading  pressure  is  large  enough,  the  structure  will  respond 
in  a plastic  mode  that  is  higher  them  the  static  collapse  mode  and  the 
mode  shape  will  undergo  considerable  change  during  deformation.  Con- 
sequently, the  SDFS  method  of  Section  7.2  is  not  applicable  and  another 
approximate  mechod  must  be  used. 

The  higher  mode  response  is  illustrated  by  the  example  of  a clamped 
rigid-perfectly  plastic  beam  subjected  to  a rectangular  pulse  over  a short 
central  segment,  as  shown  in  Figure  12a.  If  the  pressure  is  low  enough, 
the  beam  will  deform  in  the  same  mode  as  the  static  plastic  collapse 
mode  with  yield  hinges  at  each  support  and  at  the  center,  as  shown  in 
Figure  12b.  For  higher  pressures,  the  outer  hinges  will  appear  within 
the  span  instead  of  at  the  supports,  as  shown  in  Figure  12c.  The  outer 
hinge  locations  will  bepend  on  the  pressure  magnitude!  the  higher  the 
pressure,  the  closer  the  hinges  are  to  the  center.  According  to  the 
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rigid-plastic  theory  of  beams,  the  hinges  remain  stationary  under  a 
constant  pressure,  and  deformation  proceeds  in  the  higher  mode  of 
Figure  12d.  When  the  pressure  is  removed,  the  outer  hinges  propagate 
to  the  supports,  causing  a changing  mode  of  deforamtion,  as  shown  in 
Figure  12e.  After  the  hinges  reach  the  supports,  the  remaining  defor- 
mation occurs  in  the  static  collapse  mode  of  Figure  12f. 

A rigid-plastic  circular  plate  subjected  to  a rectangular  pulse 
over  a small  central  circular  area  responds  in  a similar  manner.  The 
outer  beam  hinges  are  simply  replaced  by  a hinge  circle. 

The  above  description  of  dynamic  response  to  a central  rectangular 
pulse  shows  that  it  is  possible  to  determine  the  effective  mass  of  the 
target  during  missile  impact  if  the  contact  loading  is  approximated  by 
a rectangular  pulse,  as  suggested  in  Section  6.  For  deformation  in  the 
mode  shown, in  Figure  12d,  equation  (IS)  with  the  half-span  L/2  replaced 
by  the  hinge  location  leads  to  the  effective  mass 

2 2*1 

M.  • 3 “l  * IT  \ 


where  rigid-plastic  theory  gives  the  hinge  location  in  the  form 


Mo  approximate  method  for  analysing  higher  mode  response  is  in 
general  use  in  the  nuclear  reactor  industry,  but  methods  under  review 
are 

• Available  exact  rigid-plastic  solutions  (23-25) 

• Bound  theorems  for  elastic-plastic  deformations  (26) 

• Plastic  mode  approximations  (27). 
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7.4  Computer  Codes 


Structural  and  continuum  mechanics  computer  codes  are  used  ex- 
tensively in  the  nuclear  power  industry  to  obtain  structural  response  of 
containment  buildings  to  dynamic  loads.  For  reinforced  concrete  structures, 
only  responses  in  which  the  materials  remain  elastic  can  be  treated,  al- 
though introduction  of  tensile  concrete  cracking  is  far  from  straight- 
forward. Treatment  of  elastic-plastic  response  is  still  in  the  research 
and  development  stage.  Representative  structural  codes  used  in  the  nuclear 
power  industry  are  listed  in  Table  5.  Codes  for  analyzing  the  local 
missile/target  interaction  described  in  Section  2 ate  still  research 
tools  [3]. 

8.  Design  Criteria 

Criteria  governing  design  and  analysis  against  impact  loads  include 
deformation  limits  and  maximum  reaction  shear  stresses  for  structural 
response  and  punching  shear  for  local  response. 

Structural  deformation  limits  are  cast  in  the  form  of  ductility 
ratios.  The  recommended  ratios  are  based  on  tests  [28-32].  For 
flexure  of  reinforced  concrete  beams  and  slabs  these  ratios  are: 

Beam  flexure  U < rn . < 10 

10(0-P  ) 

Slab  flexure  u < 1 ' r.  < 30 

M lO(p-p')  “ 

where 

A 

g 

P * b4  * r*ti.°  of  tensile  reinforcement 
A* 

p‘  * j * ratio  of  compressive  reinforcement 

As  ■ area  of  tensile  reinforcement 

Ag  “ area  of  compressive  reinforcement 
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b •*  width  of  beam  or  unit  width  of  slab 
d ■ distance  of  compression  face  to  tensile  reinforcement. 

To  ensure  ductile  behavior  and  attainment  of  the  allowable  concrete 
flexural  ductility  limits,  the  following  limits  on  ammount  of  reinforce- 
ment are  recommended  [33,34]: 


where  symbols  additional  to  the  above  are 

f^  * concrete  compressive  strength  (psi) 
f ■ steel  yield  strength  (psi) 

H ■ beam  depth  or  slab  thickness. 

The  lower  limit  allows  for  transfer  of  bending  stress  where  the  concrete 
section  cracks  and  is  intended  to  preclude  the  possibility  of  brittle 
behavior  in  a grossly  underreinforced  section.  The  upper  limit  provides 
a margin  against  compressive  failure  of  the  concrete. 

Structural  deformation  limits  also  include  a recommended  maximum 
rotation  at  plastic  hinges  and  yield  lines.  A proposed  criterion,  based 
on  tests  [35,36]  is 


e < e « o.oo65  - < 

u c 


0.07  radians 


where 

6 * plastic  hinge  or  yield  line  rotation  (radians) 

«u  » recommended  maximum 

c “ distance  from  compression  face  to  neutral  axis  for  fully 
plastic  moment. 

The  criterion  is  based  on  the  results  of  tests  on  beam  and  slab  depths 
ranging  from  6 to  20  inches. 
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It  is  desirable  to  design  structural  elements  subject  to  impact 
loads  so  that  they  provide  sufficient  shear  capacity  to  promote  defor- 
mation in  the  flexural  mode.  Missile  impact  can  induce  shear  failure  at 
the  slab  supports  or  near  the  periphery  of  the  Impact  area;  such  failures 
are  called  reaction  shear  failure  and  punching  shear  failure. 

The  code  provisions  [37-39]  for  reaction  shear  for  sections  without 
shear  reinforcement  consider  potential  failure  through  diagonal  tension 
cracking  or  shear  compression  failure  in  the  compression  zone.  These 
considerations  resulted  in  the  allowable  concrete  shear  stress 

T - 1.9  ^ . 2500  cf  < 3.5  /F 


where 

V » shear  force  on  the  cross  section 
M * moment  on  the  cross  section. 

Codes  provide  additional  equations  that  permit  an  increase  in  concrete 
shear  capacity  in  the  presence  of  concurrent  axial  compression  and  require 
a decrease  in  capacity  with  axial  tension. 

Punching  shear  tor  hard  missiles  is  implicit  in  the  formulas  for 
penetration,  perforation,  and  scabbing.  However,  for  large  deformable 
or  soft  missiles,  such  as  airplanes  and  automobiles,  a punching  shear 
criterion  is  applied. 

The  code  provisions  [37-39]  for  design  against  punching  shear  consider 
diagonal  tension  failure  in  the  concrete  adjacent  to  the  load.  The  codes 
specify  that  the  punching  shear  be 

t < « 

on  ...a  section  with  a perimeter  one-half  the  slab  depth  from  the  load. 

Work  by  Long  [40]  considered  the  beneficial  effects  of  flexural  stress 
and  reinforciitg  strength  and  suggested  the  criterion 
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p 


(3/4  + 4a/L) 


where 

P * punching  shear  load  (pound) 
a ■ [loaded  area]*  (inch) 

L « distance  between  local  loads;  for  most  impact  cases 
a/L  as  0. 

For  nost  practical  cases  in  nuclear  power  plant  design.  Long's  formula 
results  in  the  punching  shear  strength  formula 


Missile  impact  tests  18  have  demonstrated  punching  shear  strengths 
greater  than  10  J f'c  for  thick  walls  within  minimum  reinforcement.  It 
is  believed  that  Long's  formula  is  sufficiently  conservative. 


elementary  approaches  have  been  outlined  for  designing  reinforced 
concrete  structures  to  withstand  hard  missile  impact. 


For  local  response,  the  modified  NDRC,-  Bechtel,  and  Kar  formulas 
provide  adequate  predictions  for  penetration  and  scabbing  thickness  for 
cases  within  the  range  of  test  data.  Similar  preliminary  comparisons , 
net  presented  here,  indicate  that  the  Stone  and  Webster  formula  also 
provides  adequate  predictions.  If  nuclear  safety  analyses  should  re- 
quire consideration  of  missile/slab  impact  cases  that  lie  substantially 
outside  existing  test  data,  further  testing  would  be  required  before 
the  formulas  could  be  used  with  confidence. 

Computational  techniques  for  investigating  local  impact  require 
continued  developeient  with  experiments  to  validate  the  complex  modeling 
of  dynamic  material  properties  including  fracture. 
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For  structural  response,  the  resistance  function  method  conveniently 
provides  an  estimate  of  the  deformation,  provided  modes  higher  than  the 
fundamental  mode  are  not  stimulated.  Techniques  were  suggested  for 
treating  the  higher  mode  cases.  A major  shortcoming  in  the  analyses 
where  considerable  plastic  deformations  occur  is  the  neglect  of  membrane 
forces  caused  by  support  restraints  or  even  plate  action  alone. 

Computational  techniques  for  analyzing  structural  response  of 
reinforced  concrete  slabs  to  pulse  loads  that  account  for  plastic  defor- 
mation are  still  under  development. 

Design  criteria  were  presented  in  the  form  of  allowable  ductility 
ratios,  plastic  hinge  rotations,  and  reaction  shear  stresses  for  structural 
response  to  pulse  loads,  along  with  allowable  punching  shear  stresses  in 
slabs  around  the  contact  area  of  soft  missiles. 
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Appendix  A 

Nomenclature  for  Local  Mlasila  Imprct  Formulas 

A - missile  contact  area  (in2) 

c 

D - missile  diameter  (in) 

d ■ (4Ac/Tr]i  - effective  missile  diameter  (in).  For  noncircular 
cross  sections,  d is  the  diameter  of  an  equivalent  cylindrical 
shaped  missile  with  the  same  contact  area  as  that  of  the  actual 
missile.* 

e * perforation  thickness  (in) , which  is  the  maximum  target 

thickness  perforated  by  a missile  with  a given  impact  velocity. 
Theoretically,  the  missile  exit  velocity  is  zero.  For  concrete, 
the  perforation  thickness  e is  much  greater  than  the  penetration 
x because  of  scabbing. 

f'  ■ ultimate  compressive  strength  of  concrete  (psi) 

c 

H « target  thickness  (in) 

V - missile  impact  velocity  (ft/sec) 

v^  - missile  velocity  at  time  t^  during  penetration 

W - missile  weight  (lb) 

x - penetration  depth  (in),  that  is,  the  depth  that  the  missile  will 
penetrate  into  an  infinitely  thick  target.  Thus,  rear  boundary 
effects  are  neglected,  so  target  thickness  must  be  great  enough 
to  prevent  scabbing. 

x^  - penetration  at  time  during  penetration. 


* 

Tests  with  pipe  missiles  show  that  d should  be  replaced  by  D in 
the  modified  National  Defense  Research  Committee  formula  to  achieve 
adequate  predictions. 
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LOCAL  MISSILE  IMPACT  FORMULAS 


B.l  Modified  Petry 

The  penetration  depth  for  a missile  impacting  a massive  target 
is 

x - 12  K A log, (1  + V2/21500)  (Bl) 

P P 10 

where 

0.00799  massive  concrete 
C. 00426  normal  reinforced  concrete 
0.00284  specially  reinforced  concrete 

and  Ap  is  the  missile  weight  per  unit  projected  area  (lb/ft3).  Note 
that  Kp  has  the  shortcoming  of  not  being  dependent  on  concrete  strength. 

For  specially  reinforced  cocnrete  in  which  the  front  and  back  face 

steel  is  laced,  Amirikian  [5]  has  given  the  dependence  of  K on 

P 

concrete  strength  shown  in  Figure  Bl.  These  values  are  sometimes  used 
for  normal  reinforceo  concrete. 

When  the  above  tabulated  numbers  for  K are  used,  the  formula  is 

P 

referred  to  as  the  modified  Petry  1.  When  Figure  Bl  is  used  for  K^, 
the  formula  is  referred  to  as  the  modified  Petry  2. 

The  perforation  and  scabbing  thicknesses  are  usually  taken  to  be 

e - 2x  (B2) 


S - 2 . 2x 


(B3) 


B.2  Modified  National  Defense  Research  Committee 


The  HDRC  penetration  formula  is 

(l000d)U]  W 
X * 1°m  (ioSM)1’’  ♦ d 

The  nose  shape  factor  is 

N « 0.72  flat 

* 0.84  blunt 

* 1.00  spherical 

* 1.14  very  sharp 

The  concrete  penetrability  factor  is 


K 


180 
p'S 5 
c 


(B4) 


(B5) 


The  perforation  and  scabbing  thicknesses  are  given  by  the  Army 
Corps  of  Engineers  formulas 


7 * 1.32  + 1.247 
d d 


1-35  < 7 < 13.5 
a 


3 < 7 < 19 
a 


(B6) 


7 - 2.12  + 1.367 

a d 


0.65  < 7 < 11.75 

a 


4 < j < 18 
a 


(B7) 


For  ratios  of  slab  thickness  to  projectile  diameter  of  less  than  three 
(h/d  < 3),  Beth  (41)  has  suggested  the  formulas 


e 

— M 

d 

3.1^  - 0.7J8(i) 

1.35 

(B8) 

s 

d " 

7.9li  - 5.06(|)' 

£ < 
d - 

0.65 

(B9) 
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B.3  Army  Corps  of  Engineers 


Th«  ACE  penetration  formula  is 

282W  / V \ M 

x * r,£rdUTT  Vioowj  <B101 

and  the  perforation  and  scabbing  thicknesses  are  given  by  (B6)  and  (B7) . 

It  is  suggested  here  that  formulas  (B8)  and  (B9)  again  be  used  for  ratios 
of  slab  thickness  to  projectile  diameter  of  less  than  three. 

B.4  Ammann  and  Whitney 

The  Ammann  and  Whitney  formula  is  intended  to  predict  the  penetration 
of  small  explosively  generated  fragments  traveling  over  100  ft/sec. 
According  to  this  formula  the  penetration  is 

282NW  / V \ 14 

* ' 1^5-  \l500d/  18111 

B.5  Ballistics  Research  Labortory 

The  BRL  formula  is  the  following  direct  prediction  of  perforation 
thickness 


e 

d 


7 ,8W 


l.J  J 


for  an  ultimate  compressive  stress  of  3000  psi.  By  assuming  that  the 
perforation  thickness  is  inversely  proportional  to  f^04  the  BRL 
formula  may  be  modified  to 


e 

d 


427W  / V \ 

f^nerr  ^looodj 


(B12) 
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The  scabbing  formula  recommended  [42]  is 


s * 2e 


(B13) 


B.6  Bechtel 

The  results  in  Table  2 were  used  by  the  Bechtel  Corporation  to 
develop  two  empirical  scabbing  thickness  formulas,  one  for  a solid  steel 
missile  and  the  other  for  a steel  pipe  missile: 

15  5hwvu 

8 * -pPpP — (solid  steel  missile)  (B14) 


5.42W0,,'v0,65 

8 " ":fT&5[)62 — (steel  pipe  missile)  (B15) 

c 

where  D is  the  missile  diameter. 

B.7  Stone  and  Webster 

The  results  of  an  extensive  series  of  quarter-scale  tests  were  used 
by  Stone  and  Webster  to  develop  an  empirical  formula  for  predicting  the 
scabbing  thickness  of  concrete  targets  struck  by  steel  missiles  with 
velocities  typical  for  nuclear  plant  applications.  This  formula  directly 
accounts  for  the  influence  of  (1)  ratio  of  wall  thickness  h to  outside 
diameter  D and  (2)  missile  deformability  of  steel  pipe  missiles.  This 
formula  is 

* ’ (!ci)  1/3  18161 


where 

3000  < f'  < 4500  (psi) 
— c — 

1.5  < H/D  < 3.0 
0.06  < ~ < 1.0 

75  < V < 250  (ft/sec) 


and  the  coefficient  C is  given  by  Figure  B2. 


9S  m w ■ **■*■'  v,. 


B.8  Kar  Modification  of  tJDRC  Formula 

Penetration  formulas  (04)  and  B5)  are  modified  to  become 

» ' [«■"“  (ioSod)''’  I]” 

/ V V-8  d 

x - KNV)  — “ s + d 

yioocxy  d 

where  the  nose  shape  factor  is 
N - 0.72  flat 

- 0.72  + 0.25  (n  - 0.25)0-5  < 1.17 

where  n - nose  radi us/missile  diameter 

- 0.72  + 0.36  [ (0/d) 2-l]  £ 1.17 

for  pipes  and  irregular  sections. 

The  diameter  d is  defined  in  Appendix  A and  the  diameter 

!•  outside  diameter  for  cylindrical  solids  and  pipes 
e d for  rectangular  cross  sections 

• diameter  of  circle  inscribed  in  polygon  joining  vertices 
of  cross  sectional  shape. 

D >.  d 

The  concrete  penetrability  factor  is  modified  to 


K 


180 

fris 

c 


6ws 


where 

6 - E./E, 

Er  - modulus  of  elasticity  of  missile  material  (psi) 
E#  » modulus  of  elasticity  of  steel  * 29  x 10*  psi 


The  perforation  and  scabbing  thickness  formulas  are  modified  to 


S*  3.19j|-0.718  (f 


e 

3 


i 


f + 1.32  + 1.2j 


d 


f 

u 

1.35 

(B17) 

1.35 

< i< 

- d ~ 

13.5 

(B18) 

* < 
d - 

0.65 

(B19) 

0.65 

Sji 

11.75 

(B20) 

where 


a ■ maximum  aggregate  size  (in) . 
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FIGURE  CAPTIONS  , 

i 

1.  Local  Interaction  of  Hard  Mlaaile  and  Reinforced  Concrete  Slab 

2.  Section  of  Reinforced  Concrete  Target  Showing  Damage  Mechanisms 

3.  Predictions  for  a Steel  Miasile/Concrete  Target 

4.  Comparison  of  NDRC  Predictions  and  Bechtel  Rod  Teat  Results 

5.  Comparison  of  NDRC  Predictions  and  Bechtel/Calspan  Slug  Test 
Results  (Table  2) 

6.  Comparison  of  NDRC,  Bechtel,  Kar  Predictions  with  Bechtel/Calspan 
Pipe  Test  Results  (Table  2) 

7.  Comparison  of  NDRC,  Bechtel,  Kar  Prediction  with  EPRI/Sandia  Pipe 
Test  Results  (Table  3) 

8.  Comparison  of  NDRC,  Bechtel,  Kar  Predictions  and  EPRI/SRI  Pipe 
Test  Results  (Table  4) 

9 . Singie-Degree-of-Freedom-System  Problem 

10.  Ductility  Ratio  Curves  for  Elasto-Plastic  System,  Rectangular  Load 

11.  Clamped  Beam  Problem  for  SDFS  Analysis 

12.  Response  cf  a Clamped  Beam  to  Central  Rectangular  Pulse  Loading 
(High  Mode) 

B1  Coefficient  for  Petry  Formula 
B2  Coefficient  for  Stone  and  Webster  Formula 
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